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Abstract 
This thesis has two principle objectives: to provide geochronological data for the Late 
Archean Murchison Province of Western Australia and to assess the strengths and 
limitations of the ion microprobe zircon dating technique. 
A project was conducted to provide zircon U/Pb age measurements on seven 
granitoid samples from the Murchison granite-greenstone terrain. These data represent 
the first systematic U/Pb age survey for the granitoids from this 100,000 km2 region. 
The oldest sample found in region was from a pegmatite-banded gneiss which contained a 
complex zircon population, the best estimate for the emplacement age for the magmatic 
precursor is circa 2919 ± 12 Ma (1 cr). Two samples of recrystallized monzogranite, by 
far the dominant lithology in the region, gave emplacement ages of 2704 ± 51 and 2681 ± 
6 Ma. Two samples from the southern post-folding granitoid suite gave ages of 2641±5 
and 2602 ± 14 Ma. Two samples collected from a pluton previously assigned to the 
northern post-folding granitoid suite gave ages of 2760 ± 8 and 2784 ± 22 Ma; this 
pluton has now been reinterpreted as a heretofore unrecognized synvolcanic suite which 
may be coeval with the nearby Mount Farmer greenstones. In addition to providing the 
first zircon age determinations for the major granitoid units in the area, these data also 
constrain the eruption ages of the two greenstone sequences and the timing of the regional 
deformation and metamorphic events. The absence of mid-Archean or older xenocrysts 
implies that the central Murchison Province is solely a product of Late Archean crustal 
growth. The success of this project was closely linked to the availability of a detailed 
tectonic model based on extensive field mapping by the Geological Survey of Western 
Australia. 
During this survey of the Murchison Province a unique sample was encountered 
which gave unusually reversely discordant U/Pb systematics. An extensive investigation 
of this phenomena revealed the presence of a well-mixed, highly radiogenic Pb which 
apparently entered the zircon population at circa 0 Ma. Based on isotope dilution data, it 
appears that the sputtering characteristics of this external component deviated significantly 
from the calibration standard which was used to determine the ion microprobes U/Pb 
discrimination factor. 
A second field-oriented project was conducted at Poona Rock, a typical outcrop 
of the 3500 km2 Murgoo Gneisses located along the western margin of the Murchison 
Province. Ion microprobe zircon analyses of six samples from this isolated outcrop all 
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gave Late Archean emplacement ages. Because of the rapid evolution of Poona Rock, 
these data provided a rare opportunity to define precisely the age of the deformation 
which is seen on both the local and regional scales. This led to an extensive investigation 
of the accuracy and precision of the ion microprobe method. It was discovered that the 
ages calculated could be significantly affected by the assumptions made during the data 
assessment process. In complex data sets, the use of error estimates based on Poisson 
ion counting resulted in certain samples being designated as outliers which, when using 
more generous error assignments based on observed internal reproducibilities, apparently 
were part of the magmatic population. The complex U/Pb systematics observed in the 
samples were further attested to by the zircon structures and morphologies seen in these 
six samples. 
All analyses reported here were tested for excess internal error in their Pb/Pb 
ratios. The seven scans of the mass spectrum were compared to a mixing line joining the 
mean of the seven scans and an assumed common Pb end-member. In many cases it was 
found that the observed scatter of the data away from this mixing line was greater than 
that predicted by the best-possible-limit imposed by the observed ion count rates. 
A further refinement to the data assessment was the introduction of a best-fit 
plane technique for calculating the concordia intercept ages of a pool of data. This 
method has two advantages over data assessment based on the mean 207PbJ206pb ratio: 
this 3-dimensional approach requires neither an assumed common Pb composition nor an 
assumed 0 Ma lower concordia intercept. Despite these advantages, the best-fit plane 
method is unable to define a magmatic age when a population contains numerous 
measurements which diverge only slightly from the main population. 
Finally, an assessment of the 312 measurements conducted on the SL3 standard 
showed the presence of a previously unrecognized and significant fractionation of the Pb 
isotopic spectrum. The magnitude of the ion microprobe's fractionation is estimated at 
between 3 and 5%o per mass unit. This conclusion is directly dependent on the 572 Ma 
age which has been assigned to the SL3 standard. 
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Thesis Objectives 
The four main objectives of this accepted thesis can be summarized as follows: 
1. To provided an objective, independent and critical assessment 
of the true reliability of ion probe-based zircon U-Pb geochronology. 
Prior to this thesis, no rigorous attempt had been made to define the reliability of 
SHRIMP data. Previously it had been assumed that precision was constrained only by 
the limits imposed by ion counting. It was essential to test this hypothesis in order to 
justify assertions of very high precision. This work had three major aspects: machine 
intrinsic mass fractionation, the quality of the calibration standards and the use of ion 
counting statistics to establish which analyses belonged to the undisturbed population. 
2. To develop and apply an alternative method for assessing U-Pb 
ion probe data. A major focus of this thesis was the implementation of the 3-
dimensional concordia method whose results were then compared to the 'standard' 
SHRIMP data assessment technique. This new approach obviates the need for two 
assumptions which are otherwise implicit. 
3. To establish the geochronology of Murchison Province using 
samples collected from key outcrops identified by Geological Survey of 
Western Australia. The Murchison Province is a major crustal unit whose tectonic 
relationship with the surrounding terrains had not been extensively studied. Prior to this 
thesis, no comprehensive time scale existed for the granitoids of the Murchison Province. 
Due to extensive field mapping conducted by the G.S.W.A., four key granitoid units had 
been identified from across the Murchison Province. A collaborative project was 
therefore undertaken to determine the crystallization ages of representative samples from 
each of these units. 
4. To combine detailed, large-scale field mapping with close 
sampling to tightly constrain the magmatic/metamorphic/structural 
histories of key outcrops. Because of its very ancient age, a lot of attention had 
been ~focussed on dating rocks from the Narryer Gneiss Complex. Despite much work, 
the timing of the various tectonic and thermal events had not been well constrained. Also, 
the chronological relationship between the NGC and the neighboring Murgoo Gneisses 
was not known. Studies combining the structural data obtained from fine-scale mapping 
and laboratory analyses were therefore undertaken on both sides of the Y algar Fault. 
Chapter 1: 
ANALYTICAL METHOD AND ASSESSMENT 
OF STANDARD DATA 
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The work presented in this thesis focuses on measuring zircon U/Pb and 207Pbj206pb 
ages using the Australian National University's SHRIMP (Sensitive High mass 
Resolution Ion MicroProbe) ion microprobe. This technique evolved over a number of 
years, however the basic method remains little changed from those described by 
Compston et al. (1982; 1984). This chapter gives a brief outline of the SHRIMP method 
for measure zircon ages. This description is followed by an assessment of the data from 
the SL3 zircon standard, including an extensive discussion of mass fractionation of the 
Pb isotopic spectrum. At high precision levels mass fractionation represents a source of 
significant systematic error. This discussion is based on an assigned age of 572 Ma for 
the SL3 zircon standard. 
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ANALYTICAL METHOD AND ASSESSMENT 
OF STANDARD DATA 
1.1 The Method for Measuring Zircon U/Pb Data 
In situ analysis by ion microprobe inherently eliminates the use of isotopic 
tracers to determine either absolute concentrations or interelement isotopic ratios. These 
values may only be determined through indirect methcxis. U-Pb analyses using SHRIMP 
must be corrected for a strong, significantly variable discrimination between these two 
elements which results from the ion sputtering process. For zircon analyses, SHRIMP's 
sensitivity for Pb+ is a factor of circa 2 higher than it is for u+. This discrimination factor 
depends on the exact running conditions and is subject to both long term drift, on the 
order of a day, and short term variations from analysis to analysis. Each U-Pb analysis 
of an unknown must include a correction for interelement discrimination. 
To determine both Pb isotopic ratios and the absolute concentrations of U, Th 
and Pb in a zircon, a nine component peak stepping sequence is used (table 1.1). The 
90zr216Q peak at mass 196 is measured for two reasons. Firstly, the mass 196 peak has 
a high count rate which allows for rapid peak centering. Then, by increasing the 
magnetic field intensity by a fixed value, it is possible to switch to the position of 204pb+ 
without the need to center on this low intensity peak. Secondly, the absolute 
concentrations of U in an unknown may be estimated using the assumption: 
c UCJf- I Zr 2 0+)00known ) = ( (U I Zr)ooknown ) 
( uo+ I Zr 2 0 +) standard measured ( U I Zr) standard true (equation 1.1) 
By measuring the UQ+ and Zr20+ for both an unknown and a standard and by knowing 
the assigned U/Zr ratio of the standard, it is possible to directly calculate the U/Zr of the 
unknown (Compston et al., 1984). For equation 1.1 the UQ+/Zr20+ value of the 
standard must be normalized to the UQ+JU+ value of the unknown. This technique for 
determining absolute U concentrations requires the use of a zircon standard with a known 
U/Zr. A fragment of a large, alluvial, high U zircon from Sri Lanka, named SL3, was 
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used throughout this study. Since the concentration of Zr in unaltered zircon is roughly 
constant (Zr02 ""' 67 weight percent; Speer, 1980), it is only necessary to establish the U 
content of the standard. Multiple IDTIMS analyses have established a mean U content of 
circa 3500 ppm for SL3, though significant variations have been found (appendix A). 
This gives a mean U/Zr value for SL3 of 0.35/67 equal to 0.0052. Knowing this value 
for (U/Zr)standard and measuring the (UO+/Zr20+) for both the standard and unknown, 
the value of (U/Zr)unknown may be determined using equation 1.1. This, in turn, allows 
the concentration ofU in the unknown to be calculated directly. 
Table 1.1 
Zircon Data Acquisition Parameters 
Nominal Species Delay Auto Peak Integration Typical Count 
Mass Time (sec) Centering Time (sec) Rate (c/s) 
196 90zr2160+ 3 Yes 2 104 
204 204pb+ 2 No 10 100 
204.1 background 1 No 10 10-1 
206 206pb+ 1 Yes 10 104 
207 207pb+ 1 Yes 40 103 
208 208pb+ 1 Yes 10 103 
238 238U+ 2 Yes 5 104 
248 232Th16Q+ 2 Yes 5 104 
254 238U16Q+ 2 Yes 5 105 
A typical SHRIMP peak hopping sequence for U-Th-Pb data collection from zircon. A seven scan 
analysis requires circa 25 minutes. The automatic peak centering and, to a lesser extent, the integration 
times are varied depending on the beam intensities. The final column gives rough order of magnitudes of 
the count rates expected for the various species, the actual count rates depend on machine running 
conditions and the composition and age of the zircon target. Further background information about 
SHRIMP analyses are given in appendix B. 
SHRIMP determines the Th/U ratio of zircons by using the empirically derived 
equation (Compston et al., 1984): 
(232Thf238U)true = 1.11 (ThO+/UO+ )measured 
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The main source of uncertainty in this calculation is in the ± 1 % (2a error of the mean) 
precision of the factor 1.11. Knowing the value of ThN and having estimated the U 
concentration as outlined above, it is possible to calculate the absolute Th concentration of 
the target material. The absolute concentrations of both U and Th may be determined 
only to a precision of± 20%, reflecting the variability observed within the Sri Lankan 
standard (figure 1.1). 
..... § 
8 
00 
N 
8 10-----
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Figure 1.1: Histograms of the determined U and Th concentrations (ppm by weight) of the SL3 zircon 
standard as determined by ion microprobe. These 74 analyses were conducted as part of the study of the 
ages of seven granitoids in the Murchison Province. Thermal ionization analyses give a mean U 
concentration of circa 3500 ppm (see appendix A). The concentration of Th has not been determined by 
IDTIMS. The spread in the data shown in these two histograms suggests an inhomogeneous U and Th 
distribution in the SL3 zircon, though scatter caused by variations in Zr2o+ sensitivity cannot be ruled 
out. 
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The true Pb/U value of an unknown is also determined through the direct 
comparison with the standard. The SL3 standard zircon has been assigned an age of 572 
Ma. This age has not been measured on SL3, rather it was determined indirectly from 
comparison to a second Sri Lankan alluvial zircon (named SL13) which has 
indistinguishable ion microprobe U/Pb systematics and on which multiple IDTIMS 
analyses gave a reproducible, concordant age of 572 Ma (I. Williams, pers. comm.; see 
also appendix A). An age of 572 Ma is equivalent to 206pbj238U = 0.0928, which is 
employed on the lower right-hand side of the relationship: 
206 + 238 +) (206 238 ) 
( ( Pb I U unknown ) _ ( Pb I U unknown ) 
206 + 238 + - 206 238 ( Pb I U ) standard measured ( Pb I U ) standard true (equation 1.2) 
By measuring both the numerator and denominator of the right-hand side, it possible to 
calculate (206pbJ238U)unknown, true· Here a complication arises: the discrimination factor 
between 206pb+ and 238U+ is very sensitive to machine operating conditions. 
Corrections for such variations in interelement discrimination must be made. This is 
possible because of the existence of a relationship between Pb+/U+ and U+/UQ+ 
(Hinthorne et al., 1979). The empirically determined equation for SHRIMP is (Williams 
and Claesson, 1987): 
(206Pb+f238U+) = [0.0048(UO+/U+)2 + 0.0265(UO+/U+) - 0.0825] * K 
(equation 1.3) 
where the value "K" for zircons of a given age is assumed to remain constant during a 24 
hour analytical session. The stability of "K" is repeatedly tested by analyzing the 
standard zircon after circa every fourth unknown. For each session of data collection the 
mean value for "K" is determined from the replicate analyses of the SL3 standard. This 
mean value for "K" defines the position of the standard's calibration curve for the given 
analytical session (figure 1.2). For each analysis of an unknown, the value of 
(206Pb+J238U+)standard is calculated using equation 1.3 evaluated at the (UQ+JU+) value 
measured for the unknown. It is this corrected value for (206pb+j238U+)standard which is 
then used to evaluate equation 1.2. The value for 207pbf235U in an unknown is obtained 
algebraically from the measured 207pb+J206pb+, the determined 206pbf238U value and 
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taking 238UJ235U as 137.88 (Steiger and Jager, 1977). Similarly, the value for 
208Pb/232Th in an unknown is obtained by measuring the 208pb+J206pb+ and by 
knowing 206pbf238U and 232Thf238U for the sample (see above for determining the 
Th/U ratios). 
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Figure 1.2: Schematic representation of the approach used by SHRIMP to determine the U/Pb ratios in 
zircons. Filled circles represent the mean values for seven separate analyses of the SL3 standard. The 
square is the mean for the seven analyses of the standard: it defines the position of the calibration curve. 
Note that this diagram uses a linear vertical scale. 
The form of the UQ+JU+ calibration curve (defined in equation 1.3 and shown in 
figure 1.2) is based on empirical observations. During rare analytical sessions 
SHRIMP produced zircon data with unusually large variability in the measured UQ+JU+. 
Large dispersion in the UQ+JU+ allowed the shape of the calibration curve to be defined 
precisely for the SL3 standard for the given analytical session. How the form of the 
calibration curve changes as a function of variation in running conditions is not known. 
Equation 1.3 implicitly assumes that the shape, slope and position of the curve all vary 
interdependently. In practice, the exact form of the calibration curve does not matter 
assuming that both the standards and unknowns have the same small range in UQ+JU+ 
values. 
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The precision of the U/Pb calibration for an analytical session is determined from 
the scatter in the observed SL3 data. It is then assumed that the reproducibility of the 
interelement ratios is the same for both the standard and unknowns. In this thesis the 
precision of the U/Pb calibration has been limited to no better than± 2% (lcr), which 
represents the long term stability of the ion microprobe. This± 2% limit is also generally 
supported by the observed internal scatter of the measured raw 206pbj238U ratios (see 
chapter4). 
The absolute concentrations of the various Pb isotopes are determined using an 
approach similar to that used for Th. The 206Pbj238U atomic ratio of an unknown can be 
defined using the calibration technique outlined above. The absolute concentration of 
206pb can therefore be calculated from the determined U weight concentration obtained 
from the measured U/Zr ratio. Likewise, the concentrations of 204Pb, 207pb and 208pb 
can be obtained by multiplying the 206pb concentration by the measured 204pbj206Pb, 
207Pb/206pb and 208Pbj206pb, respectively. Since the concentrations of all four Pb 
isotopes are ultimately based on the determined U concentration, their absolute 
concentrations are only precise to± 20%. Since the relative concentrations of the four Pb 
isotopes are based on the measured Pb isotopic ratios, the relative concentrations of the 
Pb isotopes are only limited by the precision with which the Pb isotopic ratios can be 
measured (the precision of Pb/Pb ratios can be limited by either signal stability or ion 
counting statistics; it is typically on the order of± 1 % ). 
1.2 SL3 Heterogeneity 
The SHRIMP technique for determining the composition of an unknown relies 
on measuring a standard which has a known composition and which has homogeneous 
207pbj206pb and 238Uj206pb distributions. After roughly half of the data for this project 
were collected it was discovered that real variations exist in the 206pbj238U ratio within 
the SL3 standard zircon. The first evidence of this inhomogeneity was obtained in 
February 1987 while analyzing a suite of highly concordant zircons from Western 
Australia. Five analyses of SL3 from one small region (100 µm scale) differed 
significantly from the calibration obtained from two other areas of the standard located 
circa 1 mm away (figure 1.3). One month later a second day of data collection was 
devoted to the same suite of unknowns. This is when evidence for inhomogeneity in the 
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standard was found. Using the March 1987 data and calculating back through the data 
collected from the unknowns on both days, it is possible to demonstrate that the region of 
the standard most frequently analyzed in the earlier session had a low value for 
206Pb/238U. In order to subsequently overcome this difficulty of localized 
inhomogeneity in the SL3 standard, during a given analysis session widely spaced 
locations (i.e. hundreds of microns apart) were probed on the standard. Areas of 
suspected inhomogeneity in the SL3 crystal were excluded from the data analysis 
procedure. 
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Figure 1.3: Calibration curves from analyses on the standard for sample GSW A 83407 (Western 
Australian monzogranite -- see chapter 2). The open squares represent single scan data collected on 14 
February 1987 from a small region within the Sri Lankan standard which had a low 206pb/238u 
compared to the major part of the crystal (labeled 'bad'). The diamonds are for data collected from single 
analyses collected on two distant parts of the same standard chip (labeled 'good'). Filled squares are the 
seven scan data collected in March 1987 when no problem with standard homogeneity was encountered. 
The upper curve is the mean curve for the March data as based on equation 1.3. The lower curve and 
formula are the calibration for the February session, as based on the March standards and the unknowns 
for both days. In this diagram a logarithmic vertical scale was used for historical reasons, because it was 
originally believed that the calibration function had an exponential form (Compston et al., 1984). 
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1.3 Pb Fractionation: Theoretical Considerations 
The 207pbf206pb ages presented in this thesis use the observed 204Pbf206Pb ratio 
to subtract the non-radiogenic component from the measured 207Pb/206Pb ratio. For such 
work both the 204pbf206Pb and 207pbf206pb ratios must be accurately measured; it is also 
very important to assign accurate precision estimates to both of these ratios. This is 
particularly true when the final age result is obtained from the mean radiogenic 
207pbf206pb of the sample. In this case the determination of the Pb/U ratio is relatively 
unimportant, whereas accurate measurement of the Pb isotopic ratios is crucial. Archean 
ages measured using the SHRIMP ion microprobe are now often reported with precision 
estimates of± 2 Ma (lcr) or better (e.g. Compston et al., 1986a; Claoue-Long et al., 
1988; Kinny et al., 1988; Bowring et al., 1989; Nutman et al., 1991). For a zircon suite 
which crystallized at 2.6 Ga this translates into a radiogenic 207pbj206pb of 0.17 437 ± 
0.00021, or a precision of 1%o (lcr). The question arises as to whether such high 
precision estimates reflect the true accuracy of this analytical method. 
Mass fractionation favoring light isotopes is well documented with small ion 
microprobe (Shimizu and Hart, 1982; Deloule et al., 1992). However, due to differences 
in analytical parameters (accelerating voltages, mass resolution, width of energy window, 
etc.), these observations can not be directly applied to SHRIMP analyzing the same 
species sputtered from the same matrix. Published estimates of SHRIMP's fractionation 
of the Pb spectrum vary: <lo/oo per mass unit (zircon, Compston et al., 1986b), 3 ± 4o/oo 
(zircon, Compston et al., 1986a), 2.5 ± 0.3%o (feldspar, Compston et al., 1986a) and 
$;3%0 (feldspar, Wiedenbeck, 1990). For the estimates based on feldspar, it is not known 
how the magnitude of the observed fractionation relates to the case of Pb sputtering from 
a zircon matrix. The SL3 data collected during this thesis support a higher value of 4%o 
to 5%o for Pb isotopic fractionation (see following section). It should be noted that such 
estimates of Pb fractionation are complicated by the possible presence of the isobaric 
interference 206Pb1H+ on the 207 mass station. This effect would tend to compensate for 
any fractionation favoring the light Pb isotopes. The presence of hydrides would result in 
a systematic underestimation of the magnitude of the mass fractionation. Such hydride 
interferences, represented by unusually high measured 207pbf206pb ratios, are observed 
on the SL3 standard when the sample has not been under vacuum for several hours. 
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Most SHRIMP users do not consider mass fractionation of the Pb spectrum 
when calculating zircon ages and generally no corrections are made for it. Typically the 
measured 207pbf206pb ratio is corrected using the measured 204pbf206pb ratio (corrected 
for background counts on the 204pb measured at ~M = +0.04 mass units) to determine 
the radiogenic 207pbf206Pb of the material probed. Machine mass fractionation favoring 
lighter isotopes would act to decrease the measured 207Pbf206pb while increasing the 
measured 204pbf206pb, both effects acting together to depress the apparent radiogenic 
207pbf206pb resulting in systematically young ages being calculated. As the amount of 
non-radiogenic Pb in the probed material increases, fractionation magnifies the bias in the 
calculated radiogenic 207pbf206pb (figure 1.4). If± 2 Ma (lcr) precision levels are to 
be quoted meaningfully, accurate corrections must be made for mass fractionation and the 
uncertainty in this correction must be propagated. The 'normal' approach to SHRIMP 
data assessment does not incorporate any such fractionation correction, the measurements 
of the standard are only employed to determine the magnitude and stability of the U/Pb 
discrimination factor. 
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Fi~ure 1.4: Graph showing the significance of mass fractionation on the calculated radiogenic 
20 Pbf206pb ratio. These calculations are for a hypothetical 2.6 Ga zircon population containing 
variable amounts of common Pb and using a linear fractionation law favoring the lighter isotopes. The 
204pbf206pb ratios given on the right refer to the true ratio in the sample. These calculations are based 
on radiogenic 207pb/206pb = 0.17437, common 207pbf206pb = 1.0700 and common 204pb/206pb = 
0.07218. The horizontal grey zone marks a region equivalent to 2600 ± 2 Ma (la'). The vertical lines 
indicate the general range of fractionation estimated for SHRIMP in this chapter. 
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1.4 Pb Fractionation: Estimates Based on the SL3 Standard 
During the course of data acquisition for this thesis (November 1986 to February 
1990) the Sri Lankan standard SL3 was analyzed 312 times. The 204Pb, 206Pb, 207pb 
and 208pb data from these analyses have been compiled in order to check for the presence 
of mass fractionation (see compilation in appendix A). The method used here to define 
SHRIMP's mass fractionation is based on the model that these four Pb isotopes reflect a 
two component mixture of a radiogenic Pb (presumed 572 Ma old) and a laboratory 
contaminant common Pb of Broken Hill ore composition (204Pb/206pb = 0.06250, 
207Pb/206pb = 0.9618, 208pbf206pb = 2.2285; Cooper et al., 1969, see also appendix 
A). When the 204pb data are used to correct for the common Pb in the SL3 standard one 
feature comes quickly to light: a major discontinuity exists in these data (figure 1.5). 
Prior to October 1987 there is a broad scatter in the calculated radiogenic 207Pb/206pb 
with a strong bias towards values below the standard's assigned value of 0.059133 
equivalent to 572 Ma. After October 1987 there is less scatter in the data and the bias 
towards low values, though still present, is diminished. The months preceding October 
1987 corresponds to a period when spurious overcounts were observed at the 204pb mass 
station. Over the previous months significant discrepancies were noted between the 
radiogenic Pb/U ratios of the standard as calculated by the 204pb and the 208pb methods. 
(The 208pb method for calculating radiogenic ratios uses the observed content of 
thorogenic Pb and the assumptions that the Th/U ratio of the material was only affected 
by radioactive decay and that neither 208pb nor 206pb have been mobile prior to 0 Ma --
Compston et al., 1984.) The presence of overcounts on the 204pb peak depresses the 
calculated radiogenic 207pbf206pb, leading to dispersed values as seen in figure 1.5. 
SHRIMP's log book records that on 19 October 1987 the electron multiplier was changed 
and that a O. l 0 clockwise rotation was made to the collector housing. The rotation of the 
collector housing was done in the anticipation that it would eliminate excess counts which 
could be associated with ions scattering off the ion microprobe's pre-collector-slit 
deflection plates. The problem of excess counts on the 204Pb peak disappeared at that 
time. All data collected during this research prior to October 1987 were checked and 
corrected for the overcounts on the 204 mass station (see appendix A). 
A second feature which is visible in figure 1.5 is the improvement in the ion 
counting-based precision estimates which resulted from extending the integration time on 
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the 207 mass station. In March 1988 software modifications were introduced which 
allowed counting times in excess of 10 seconds on any given peak. Since then it has 
been standard procedure to collect data on 207 mass station for 40 seconds during each 
scan, or four times longer than the integration times for the other Pb mass stations. 
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Figure 1.5: Graph of the 204pb corrected radiogenic 207pbf206pb for 312 analyses of the SL3 zircon 
standard collected between November 1986 and February 1990. The analyses are given in chronological 
order proceeding from left to right. The error bars are lcr based on counting statistics alone. Broken Hill 
common Pb has been used to make the corrections. The horizontal line represents the assigned value of 
the standard equivalent to 572 Ma. 
In order to determine how much mass fractionation is present in SHRIMP's 
zircon Pb spectrum, the mean radiogenic 207pbf206pb was calculated using the measured 
204pb for the 145 analyses conducted after October 1987. Nine analyses were more than 
three times their ion counting based errors different from the mean: they were deleted 
from the pool of data. The remaining 136 analyses gave an unweighted mean radiogenic 
207Pb/206pb = 0.058784 ± 0.000044 (lcr standard error of the mean), which is 
significantly less than the standard's assigned value of 0.059133. This difference of 
0.000349 between the mean radiogenic and the accepted value can be explained by a mass 
fractionation of 5.9%o per mass unit. Because this calculation does not incorporate the 
effect of fractionation on the measured 204pbf206Pb ratio, the 5.9%o value represents an 
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upper limit to SHRIMP's mean fractionation. Implicit in this 5.9%o per mass unit 
estimate is the assumption that the age of the SL3 standard is, in fact, 572 Ma (see 
appendix A). 
A shortcoming of this approach is its sensitivity to low intensity overcounts 
which might be present on the 204 mass station. This argument can be discounted 
because the 208pb correction method yields similar results. For the same 136 analyses of 
the SL3 standard the 208pb correction produces a mean radiogenic 207pbf206pb value of 
0.058839 ± 0.000064 (la standard error of the mean), which is also significantly less 
than SL3's assigned value. This difference of 0.000294 is equivalent to a fractionation 
5.0%o per mass unit. This calculation has not included any correction for mass 
fractionation of the 208pbf206pb ratio. Systematically measuring low 208pbf206pb ratios 
would result in undercorrecting for the non-radiogenic Pb contribution. Thus, the 5.0%o 
estimate represents a lower limit for SHRIMP's fractionation. 
This method for defining SHRIMP's mass fractionation would also be biased by 
any interferences present on the 206, 207 or 208 mass stations. At the high count rates 
associated with the Sri Lankan standard, isobaric interferences from Pb-free species 
would be small and difficult to detect; hence the SL3 data are insensitive to their presence. 
These data do, however, provide constraints on the possible presence of Pb hydride 
interferences. Were such hydrides present, a plot of (207Pb/206pb )radiogenic vs. 
(208Pb/2°6Pb)radiogenic would show a systematic offset from the true value in both the 
abscissa and ordinate values (figure 1.6). A compilation of the 145 measurements of 
the standard conducted after October 1987 gave a radiogenic 208Pb/206pb value of 
0.029343 ± 0.000259 (unweighted mean± lcr of the mean using a 204pb correction). 
This radiogenic 208pbj206Pb ratio is, within error, equal to the standard's apparent mean 
value of 0.029528 (calculated from the mean measured Th/U ratio and the assigned age of 
SL3). Furthermore, the dispersion in the 208Pbj206pb ratios is strongly correlated with 
the observed Th/U ratios (figure 1.7), thereby implying the the scatter in the 
208pbf206pb is related to real variations in the Th/U composition of SL3. On the other 
hand, the determined radiogenic 207pbf206pb ratio of 0.058784 ± 0.000044 (weighted 
mean of 136 measurements± lcr of the mean) is significantly lower than the assigned 
value of 0.059133 (572 Ma). This is exactly opposite to the effect that hydrides would 
induce. Due to the high concentration of 206pb relative to 207Pb, hydride effects would 
be most pronounced in the 207pbf206pb ratio. The low values measured for the 
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radiogenic 207pbj206pb shows that hydrides have not significantly affected these data. If 
a 5%o per mass unit linear mass fractionation is applied to these data, they merely agree 
better with the standard's radiogenic 208pbf2°6Pb and 207Pb/206pb ratios. The 
conclusion that no significant hydride problems were present is in agreement with 
Compston et al.'s (1984) determination that the 208pb1H+j208pb+ ratio is less than 
0.0005. 
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Figure 1.6: Graph of (207pbf206pb)radi2&enic vs. (208Pb;206Pb)radiogenic for 145 analyses of the 
SL3 zircon standard (small, filled circles). The 'true' value for the standard is shown (large, open square), 
based on the mean Th/U ratio of these 145 analyses and the assumed age of the standard of 572 Ma. 
These data are 204pb corrected but contain no corrections for possible mass fractionation. A typical lcr 
error based on counting statistics is given in the lower right. 
A second method was developed for estimating SHRIMP's induced mass 
fractionation which involved determining the 207pbj206pb intercept of a line regressed 
through a graph of (204Pb/2°6Pb)measured vs. (207Pb/206Pb)measured· This second 
approach does not require the composition of the common Pb to be either known or 
assumed. A best-fit line using errors assigned by counting statistics indicates that 10 of 
the 145 analyses need to be removed from the pool of data. These 'outlier' analyses may 
reflect true variations in the standard which are known to exist (see earlier section). 
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Figure 1.7: Graph of Th/U vs. radiogenic 208pb;206pb for 144 measurements of the SL3 standard 
(filled circles). The square indicates the mean value for the SL3, including an arrow indicating the trend 
that real variation in Th/U ratio would produce. Common Pb corrections are based on the observed 
204pbf206pb ratios. No corrections have been made for mass fractionation. A typical lcr error based on 
counting statistics and the uncertainty in the Th/U calibration factor is also given. 
Based on the assigned 207pbf206pb errors of the individual analyses, all remaining data 
lie within± 3cr of the best-fit line. The resulting regression line has a MSWD of 1.89, 
which is still excessive at the 95% level. This somewhat large MSWD could either reflect 
the presence of minor additional components besides 572 Ma radiogenic Pb mixed with 
Broken Hill common Pb or it could reflect that ion counting-based errors have 
underestimated the true precision of the 207pbf206pb ratio by an average factor of 1.4. 
The best-fit line (figure 1.8) intersects the 207Pb/206pb axis at 0.058878 ± 0.000081 
(lcr), which is also significantly below the accepted value of (2°7Pb!2°6Pb)radiogenic = 
0.059133 for the 572 Ma standard. This indicates that the measured 207pbf206pb value 
for the standard is 4.3%o below the true value. 
The regression line shown in figure 1.8 passes close to the assumed Broken 
Hill non-radiogenic end-member, further indicating that the low radiogenic 207pbf206pb 
values are not the product of residual overcounts on the 204 mass station. The small 
difference which exists between Broken Hill and this best-fit line can be explained by a 
2.1 o/oo per mass unit fractionation, though a large error is associated with this calculation. 
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Figure 1.8: Plot of the measured Pb isotopic ratios for 143 analyses of the Sri Lankan standard SL3 
conducted after October 1987 (two analyses plot off-scale). Shown also is a regression line using 135 of 
the analyses (Y = 13.817X + 0.058878), as well as the typical lcr error bars for the data set as based on 
counting statistics. Line regression obtained using the method of Mcintyre et al. (1966). 
This test of the suitability of Broken Hill Pb for the composition of the non-radiogenic 
component is important. Using a wrong common Pb composition to correct the standard 
would have a small, but systematic effect on the machine's calibration, thereby producing 
systematic errors in the calculated Pb/U ages. If an inaccurately high 204pbf206pb ratio is 
used to correct for common Pb in the standard, then all unknowns would produce 
systematically old U/Pb ages. 
1.5 The Stability of the Pb Fractionation 
The stability of the apparent circa 4o/oo mass fractionation needs to be determined. 
If this value does not vary significantly, then measurements could easily be corrected for 
its presence. Assuming that Broken Hill common Pb is appropriate to correct the data, 
the F-test applied to all 145 analyses corrected for a 4o/oo linear mass fractionation yields a 
value for F of 8.7. Excluding the 9 analyses which deviate by more than 3cr yields F 
equal to 1.8. In either case these results indicate excess scatter exists beyond that 
expected for a single population. This observation, though, cannot be used to define the 
variability in the fractionation. Large F-values might also reflect that counting statistics 
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have underestimated the uncertainties assigned to the radiogenic 207pbj206pb ratios. It is 
quite conceivable that at the high count rates (circa 6500 counts/sec. on 206Pb) provided 
by the Sri Lankan standard other sources of analytical error become significant. Such 
additional sources of error could include variations in the primary beam intensity, short-
term drift in the extraction efficiency, real variations in the composition of the target, 
noise from the electronics or other, unidentified sources. 
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Figure 1.9: Radiogenic 207pb;206pb data for 143 analyses of the SL3 standard collected between 
October 1987 and February 1990. These data have been corrected for a 4o/oo per mass unit linear mass 
fractionation (compare with figure 1.5). Error bars represent lcr as based on counting statistics. The 
horizontal line is the 207pbf206pb ratio equivalent to 572 Ma. One analysis is off scale to the bottom 
of the diagram, a second off scale at the top. The analyses with the relatively large error bars (analyses 
121 - 138) are from reconnaissance analyses containing only three scans of data. Alternating shaded and 
white vertical zones contain the data collected on a single day. 
It remains to determine whether the large F-value for the pool of SL3 data results 
from underestimating the errors assigned to the individual analyses or whether it reflects 
real analytical drift. If the cause is error underestimation, this could be dealt with by 
replacing ion counting-based errors with error estimates based on the observed scatter 
between the seven scans of data. If the cause is long period drift (meaning that the 
measured value is more-or-less constant during an analytical session), then the problem 
could be overcome by determining a mean fractionation factor from the replicate analysis 
of the standard and then by applying the same factor to the unknowns. An expanded 
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scale view of the radiogenic 207pbf206pb ratios corrected for mass fractionation gives 
some insight into this matter (figure 1.9). Certain analytical sessions show relatively 
little scatter in radiogenic 207Pb/2°6Pb values (e.g. analyses 82 to 94), whereas other 
sessions show much more dispersion (e.g. analyses 67 to 73). This suggests that for Pb 
isotopic ratios SHRIMP's precision may vary significantly from session to session, 
though inhomogeneous ancient Pb-loss within the standard could explain this also. 
In order to check if error underestimation contributed to the excessive F-value 
found in SL3's data, the observed errors based on the scatter between the measured ratios 
for the seven scans of data (table 2.1) were compared to errors based on counting 
statistics (figure 1.10). For seven scans of data, if the ratio of the observed scatter to 
the error assigned by counting statistics is more than 1.4, then it is more than 95% 
probable that excess scatter is present in the raw values. In total, 127 seven scan analyses 
were conducted on SL3 between October 1987 and February 1990. Of these analyses, 
56% show significant excess scatter in their 204pbf206pb ratios and 46% show excess 
scatter in their 207Pbf206pb ratios. In other words, for roughly half of these analyses 
counting statistics has assigned unrealistically low uncertainties to their Pb isotopic ratios. 
Clearly, this is also a component which has contributed to the large F-value seen in SL3 
data set. 
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(figure I .I 0 continued) 
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Figure 1.10 (including bottom of previous page): Histograms for the ratio of the observed to counting 
statistics errors for 126 measurements of the SL3 standard. All values to the right of the vertical, 
hachured line show excess scatter between their seven scans of data at the 95% confidence level. For both 
histograms a single analysis lies off-scale to the right. The value of 1.5 is based on statistical theory and 
the fact that only seven semi-independent observations (i.e. seven scans of the mass spectrum) were made 
during a single measurement. 
1.6 Discussion of Precision Limitations 
This analysis of SHRIMP's 207Pb/206pb precision is based on the fundamental 
assumption that age of the SL3 standard is 572 Ma (e.g. Schi~tte et. al., 1989), 
corresponding to radiogenic 207Pb/206pb of 0.059133. If true, this indicates that 
significant mass fractionation is present in SHRIMP's zircon Pb spectrum. For high 
precision age determinations it is essential to include an appropriate correction for this 
effect. The estimated 4%o to 5%o would induce a systematic error, resulting in the 
calculation of erroneously young 207Pb/206pb ages. 
In addition to detecting significant mass fractionation, this discussion has also 
highlighted the presence of internal scatter within the data collected from SL3. This 
identification of excess internal variations is independent of how well the age of the SL3 
standard is establish. In roughly half of the 'reliable' seven scan analyses it was found 
that counting statistics significantly underestimated the errors for the Pb/Pb ratios. 
It remains to suggest ways of dealing with the problems which were identified 
here. For high precision estimates to be quoted on ion microprobe zircon ages, a 
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correction must be included for the machine induced fractionation. The higher the 
measured 204Pb/206pb the more important this correction becomes (figure 1.4). This 
fractionation correction factor should be established with a spectrum of well characterized 
standards representing different geological periods. If significant variation is found 
between analytical sessions, then it might be necessary to recalculate a fractionation factor 
for each day of data acquisition. It is also important that to establish the uncertainty in the 
fractionation factor and that this uncertainty should be propagated in quadrature during 
data assessment. Finally, SHRIMP precision estimates should move away from using 
ion counting statistics. For a geologically meaningful precision estimate to be arrived at, 
a more rigorous assessment of the observed errors appears warranted. 
In the following chapters the proposed 4%o to 5%o per mass unit fractionation 
correction has not been applied. As stated previously, this factor is dependent on the 
assigned age of the SL3 standard. Recent work on SL3 suggests that the 555 Ma age 
originally assigned to this zircon (Compston et al., 1984) may have been more accurate 
than the 572 Ma age which is was reassigned in 1988 (W. Compston, pers. comm., 
February 1992). The final assessment of the size and stability of SHRIMP's Pb 
fractionation awaits the availability of well characterized, homogeneous zircon standards. 
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The following chapter presents a reconnaissance survey of the emplacement ages from 
from the Late Archean Murchison granite-greenstone terrain of the northwestern Yilgarn 
Craton. This work is based directly on the results from a five year field mapping project 
which was undertaken by the Geological Survey of Western Australia (Watkins and 
Hickman, 1990; Watkins, 1990). This mapping project identified four major suites of 
granitoids and provided the relative ages for the magmatic and deformation events which 
occurred in the region. This information was used to select a small number of key 
samples which would provide the first systematic time scale for evolution of the 
Murchison Province. In this regard, I am totally indebted to my coauthor, Keith 
Watkins, for all field aspects of this project. 
This chapter introduces the use of the 3-dimensional discordia plane for 
calculating the concordia intercept ages of a sample. The use of the observed internal 
precision is also introduced, which provides an alternative to the minimum error estimates 
provided by ion counting statistics. 
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2.1 Abstract for Precambrian Research 
In the Late Archean Murchison Province of Western Australia four major 
granitoid suites intruded into two stratigraphically distinct supracrustal sequences: the 
Luke Creek and Mt. Farmer Groups. Single zircon U-Pb ages from five granitoid 
samples, representing three of the four suites, were measured by ion microprobe. The 
earliest of the suites, now a pegmatite-banded gneiss, intruded Luke Creek Group 
greenstones at circa 2919 ± 12 Ma (lcr). The Luke Creek Group and the pegmatite-
banded gneiss protolith were subsequently deformed and then overlain by Mount Farmer 
Group greenstones. Large volumes of monzogranite then intruded greenstones 
throughout the province; two samples from this suite gave crystallization ages of 2704 ± 
51 and 2681 ± 6 Ma. This package of greenstones, gneiss and monzogranite was folded 
and metamorphosed and then intruded by two suites of post-folding granitoids. Two 
samples from the more southern of these suites gave ages of 2641±5 and 2602 ± 14 Ma. 
Two additional samples were collected from a tonalite pluton previously 
assigned to the northern post-folding granitoid suite; they gave crystallization ages of 
2760 ± 8 and 2784 ± 22 Ma (lcr). This tonalite is now interpreted as a subvolcanic 
pluton associated with the andesite and dacite volcanism which produced the nearby Mt. 
Farmer Group greenstones. 
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No xenocrystic zircons with ages significantly in excess of 3.0 Ga were found in 
any of the seven samples, implying that little or no mid-Archean or older rocks are 
present in the region. Lower concordia intercept ages and 207Pb/206pb ages from 
individual analyses indicate the presence of mid- to Late Proterozoic activity throughou.r 
the Murchison Province. 
Concordia intercept ages were calculated using a least-squares fit of a plane in 
three dimensions. This approach obviates both the need to assign a common Pb isotopic 
composition and the assumption that no pre-Recent events have disturbed the 
population's U-Pb system. A further refinement of the data assessment process involved 
the use of the internal scan-by-scan scatter for defining the precision of the individual 
Pb/Pb isotopic ratios. Compared with the observed scatter, ion counting error estimates 
were found to frequently underestimate the uncertainties in the 207Pb/206pb and 
204Pb/206pb ratios. 
2.2 Introduction 
The Murchison Province is the northwestern-most of the three granite-
greenstone terrains of the Yilgam Craton (Gee et al., 1981). Recent work by the 
Geological Survey of Western Australia has provided a tectonic and lithostratigraphic 
framework for the Murchison Province (Watkins and Hickman, 1990). Two superposed 
greenstone sequences have been recognized, the circa 3.0 Ga Luke Creek Group and the 
circa 2.8 Ga Mount Farmer Group. These greenstone units were intruded by and 
deformed along with four suites of granitoids: the pegmatite-banded gneiss, recrystallized 
monzogranite and post-folding granitoid suites I and II (Watkins et al., 1991). 
Ion microprobe U-Pb zircon analyses were carried out on a representative set of 
seven granitoid samples collected from across the region. These data provide 
crystallization ages for selected plutons from three of the four granitoid suites. They also 
broadly constrain the timing of regional metamorphic and structural events. In addition, 
two of these ages revealed the existence of a previously unrecognized subvolcanic tonalite 
suite which is coeval with and occurs adjacent to Mount Farmer Group greenstones. The 
data presented here, in combination with earlier field studies, provide an absolute age 
framework for the Late Archean growth and stabilization of this portion of the Yilgarn 
Craton. 
Chapter 2: Zircon Ages from the Murchison Province 
24 
2.3 Regional Geology and Previous Geochronology Work 
The Murchison Province is an 100,000 km2 granite-greenstone terrain in the 
northwest Yilgarn Craton of Western Australia. Granitoids comprise approximately 85% 
of all rocks exposed in the area. The remainder of the province is composed of two 
distinct supracrustal sequences: the Luke Creek Group and the overlying Mount Farmer 
Group, which together form the Murchison Supergroup (Watkins and Hickman, 1990). 
These rocks form a pattern of arcuate belts separated by broad expanses of granitoids 
(figure 2.1). Detailed field studies have determined the relative ages of these six units 
as well as the relative timing of metamorphic and deformation events (table 2.1). 
Table 2.1 
History of the Murchison Province 
~ 
3.0 
2.92* 
2.8 
2.70 -2.68* 
2.64 -2.60* 
Event 
Luke Creek Group (lower) greenstones emplaced 
pegmatite banded gneiss emplaced 
D1 deformation (folding and thrusting) 
Mount Farmer Group (upper) greenstones emplaced 
recrystallized monzogranite emplaced 
regional metamorphism (mainly greenschist facies) 
D2 deformation (folding) 
D3 deformation (folding) 
post-folding granitoids (southern suite) emplaced circa 2.6 
post-folding granitoids (northern suite) emplaced 
D4 deformation -- shear zone development, broadly 
coeval with post-folding granitoid emplacement 
Chronological outline of the evolution of the Murchison granite-greenstone terrain. Sequence of events 
from Watkins and Hickman (1990) and Watkins et al. (1991). Asterisks(*) indicate zircon emplacement 
ages for samples from this study. 
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LITHOLOGIC MAP OF THE MURCHISON PROVINCE 
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Figure 2.1: Lithologic map of the Murchison Province showing the localities of the seven samples 
dealt with in this investigation (map after Watkins et al., 1991). Legend: 1 = Luke Creek Group 
greenstones, 2 = pegmatite-banded gneiss (pattern denotes the regional trend of the foliation), 3 =Mount 
Farmer Group grecnstones, 4 = recrystallized monzogranite, 5 =post-folding granitoid (suite I), 6 =post-
folding granitoid (suite II). Inset in upper-left shows the location of the Murchison Province within the 
state of Western Australia. The 'WA' sample prefix denotes those localities sampled by the Geological 
Survey of Western Australia. 
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The Luke Creek Group greenstones are the oldest known rocks within the 
Murchison Province. Magmatic protoliths of the pegmatite-banded gneiss were emplaced 
into this sequence of supracrustals. The earliest identified phase of deformation (D1 
recumbent folding and thrusting), imposed a sub-horizontal foliation on both the Luke 
Creek Group and the pegmatite-banded gneiss (Watkins and Hickman, 1990). This 
deformation was followed by the deposition of the Mount Farmer Group greenstones. 
Subsequently, this entire package (two greenstone units plus the pegmatite-banded 
gneiss) was invaded by extensive, sub-horizontal, tabular monzogranitic plutons. The 
emplacement of voluminous monzogranite melts produced amphibolite facies contact 
metamorphism of adjacent greenstones. The crystallization of the monzogranite was 
followed by tight east-west folding (D2) and isoclinal north-south folding (D3). These 
two phases of deformation were accompanied by a predominantly greenschist facies 
regional metamorphism which climaxed after D3, imposing a recrystallized fabric on the 
greenstones, gneisses and monzogranite. The final major phase of magmatic activity 
involved the emplacement of two chemically and geographically distinct suites of post-
folding granitoids. Major shear zones (D4) also developed at about this time. 
The available data indicate the eruption of the upper units of the Luke Creek 
Group volcanics at about 3.0 Ga. Fletcher et al. (1984) derived a Sm-Nd whole rock 
isochron age of 2.98 ± 0.06 Ga (lcr) from rocks sampled from the upper portion of the 
Luke Creek Group. Zircon U-Pb ion microprobe analyses from felsic volcanic layers in 
the extreme south of the province gave an eruption age of 3010 ± 2 Ma (Pidgeon et al., 
1990). Syngenetic galenas from the Golden Grove massive sulphide deposit in the upper 
Luke Creek Group have a mean Pb-Pb model age of circa 3.0 Ga (Browning et al., 1987; 
Dahl et al., 1987). 
For the Mount Farmer Group greenstones only a single isotopic age 
measurement is available in the literature: Watkins and Hickman (1990) obtained a Sm-
Nd mineral-whole rock isochron from the upper part of the Mount Farmer Group in the 
northern Murchison Province which gave an age of 2818 ± 57 Ma (lcr). 
With respect to the granitoids, Rb-Sr isochron ages in the range of 2.7 to 2.5 Ga 
have been obtained on a variety of rock types (Arriens, 1971; Muhling and de Laeter, 
1971; de Laeter and Baxter, 1987; Watkins et al., 1991). Sm-Nd model ages have been 
reported on each of the four granitoid types of the Murchison Province (Watkins et al., 
1991): three samples of pegmatite-banded gneiss gave T DM ages between 3.2 and 2.9 Ga, 
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four samples of recrystallized monzogranite gave TOM ages of circa 2.8 Ga, two samples 
of post-folding granitoid suite I (the northern suite) gave TOM ages of 2.9 to 2.8 Ga and 
two samples of post-folding granitoid suite II gave TOM ages of 3.3 to 3.2 Ga. Finally, 
six samples from a single outcrop of recrystallized monzogranite on the western margin 
of the Murchison Province gave ion microprobe zircon crystallization ages of 2.7 Ga 
(chapter 4 of this thesis). 
2.4 Analytical Methods 
The SHRIMP ion microprobe conducts in situ isotopic analysis on 30 µm 
diameter areas. A single zircon analysis requires circa 25 minutes during which seven 
scans are made of a nine component peak-switching sequence (table 1.1). The areas 
analyzed were bombarded with an unfiltered, negatively charged oxygen ion beam. The 
secondary ions sputtered from the target were accelerated, electrostatically focused for 
their initial energy spread and subjected to mass separation using a homogeneous 
magnetic field produced by an 85° sector magnet with a 1 meter turning radius. Data 
collection was conducted at a mass resolution of MJ~M ""5500, such that the 208pb+ was 
resolved from the nearby I 76Hf02 + species with less than 1 % intervening background. 
The sputtering process induces a large interelement discrimination which was calibrated 
using the SL3 zircon standard which has an assigned 206Pb/238U ratio of 0.0928 
corresponding to 572 Ma. Subsequent to data collection, many of the analyses were 
found to have been affected by low level (-0.5 counts per second) overcounts on the 
204pb mass station. This effect was corrected by comparison to the interspersed 
measurements of the SL3 standard (appendix A of this thesis). Determination of the 
interelement discrimination and absolute concentrations of U and Pb are described by 
Compston et al. (1984) and Williams and Claesson (1987). The uncertainty estimates for 
the Pb/U ratios were based primarily on the scatter in the Pb/U ratios from repeat 
measurement of the standard. This value was limited to not better than± 2% (1 cr), which 
is the observed long-term reproducibility for the SL3 standard. The determined absolute 
concentrations of U and Pb for the unknowns are precise to circa 15% (Kinny et al., 
1988; see also figure 1.1 of this thesis). 
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2.5 Common Pb ui Zircons 
A fundamental step in zircon U-Pb age measurements is the correction for the 
non-radiogenic Pb contained in the analyzed material. Many zircon studies are restricted 
to materials which contain only low common Pb concentrations, thus minimizing the 
errors introduced by the uncertainties in this correction. Both because highly radiogenic 
zircons were not found in some samples and in order to define better the composition of 
the common Pb, zircons rich in 204pb have been analyzed in most of the samples reported 
here. In past ion microprobe studies a variety of methods have been used to estimate the 
composition of the common Pb, these include: 
A. assuming that the non-radiogenic component is surface related laboratory 
contaminant with a composition equivalent to Broken Hill ore Pb (204pbj206pb 
= 0.06250, 207Pb/206pb = 0.9618 and 208pbj206pb = 2.2285, Cooper et al., 
1969) (e.g. Compston and Pidgeon, 1986; Kinny, 1986; Compston et al., 
1986a) 
B. assuming that the non-radiogenic component is equivalent to the Cumming and 
Richards (1975) model 3 average common Pb of equivalent age to the apparent 
crystallization age of the individual analysis (e.g. Williams et al., 1984; Schiptte 
et al., 1988; Williams and Claesson, 1987; Claoue-Long et al., 1990; 1991) 
C. assuming that the non-radiogenic component contained in the zircons has the same 
isotopic ratios as the Pb contained in genetically related Pb rich minerals (e.g. 
Compston et al., 1985, see also chapters 3 and 4 of this thesis). 
In this chapter a different treatment is used for correcting the non-radiogenic Pb 
contained in the analyzed material. This approach was originally proposed by 
Levchenkov and Shukolykov (1970) and Neymark and Levchenkov (1979). Wendt 
(1984; 1989) subsequently modified this idea, developing a least squares plane-fitting of 
the measured isotopic ratios to an orthogonal, 3-dimensional space: 
Y=aX+b+cZ 
where X, Y and Z are the measured 238U/206Pb, 207Pb/206pb and 204Pbf206pb, 
respectively. The orientation of this best-fit plane defines both the upper and lower 
concordia intercept ages of the sample; the uncertainties in the plane's position define the 
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uncertainties in these ages. The plane-fitting method, like all other common Pb correction 
methods, is based on the assumption that analyses from any one sample share three 
properties: 
A. a single crystallization age (t1) 
B. a single post-crystallization disturbance of their U-Pb system (t2) 
C. a single isotopic composition for their non-radiogenic Pb. 
The advantage of using a best-fit plane to describe these three end members is that this 
technique does not require the isotopic composition of the common Pb, along with its 
uncertainty, to be assigned to the system: the plane-fitting treatment does this empirically. 
A further advantage of the plane-fitting technique is that it avoids the need to assume that 
t2 is equal to 0 Ma -- an assumption which is inherent when calculating a mean 
207Pb/206pb ages. If all three of the criteria are met, a data set will fit a single plane 
which uniquely determines t1, t2 and their uncertainties. 
The plane-fitting process required the pooling of the measured 238U/206pb, 
207Pbf206pb and 204pbf206pb ratios for all of the analyses from a given sample. The 
errors assigned to the 238U/206pb ratios were based on the the observed scatter in the 
associated measurements of the SL3 standard (see previous section). The errors assigned 
to the 207Pbj206pb and 204pbf206pb ratios were based on the scatter observed between 
scans of the given analysis (see next section). Analyses conducted on non-magmatic 
zircon, as established by grain type or highly discrepant radiogenic 207pbf206pb ages, 
were removed from the pool of data, after which a best-fit plane was then determined for 
the remaining group. 
2.6 The 207Pb/206pb and 204Pb/206pb Precision 
While assessing these data it became apparent that in many cases the errors 
assigned to the Pb isotopic ratios had been significantly underestimated (W. Compston, 
pers. comm.). This resulted in the misidentification of some analyses as statistical 
outliers, causing them to be incorrectly removed from the pool of data. To overcome 
this, all 246 analyses were tested for excessive scatter in their 207Pb/206pb and 
204Pbj206pb ratios. 
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Figure 2.2: 204pbf206pb vs. 207pb/206pb diagrams for two analyses from this study. Diamonds are 
the isotopic ratios measured for the seven individual scans (sequence labeled 1 through 7). The line 
represents a chord connecting the mean value to the indicated common Pb (based on Cumming and 
Richards's (1975) model 3). The rectangles represent the error box of the mean for the seven scans based 
on counting statistics; the superimposed error bars are the revised lcr errors based on the scatter away from 
the mixing line. Diagram 'A' illustrates a case where little analytical scatter is observed; the data fall 
close to the indicated mixing line. Diagram 'B' shows an extreme case where a large amount of scatter is 
observed, the data disperse well away from the indicated mixing line. Also shown are a typical error for a 
single scan based on counting statistics. Note the large differences in the 204pb/206pb scales between 
these two diagrams. 
The test procedure used the measured 207pbf206pb and 204pbf206pb ratios from 
the seven scans of the mass spectrum. These data were used to form mean values for 
both the 207pbf206pb and 204pbf206pb ratios. The scatter was then determined between 
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the seven individual ratios and a chord connecting the average 207Pbf206pb - 204pbf206Pb 
and a likely common Pb end-member (figure 2.2). By allowing for such correlated 
fluctuations in these two ratios any dispersion due to variations in the common Pb 
contribution during the period of the analysis could be compensated for; any dispersion 
away from the chord could therefore be attributed to excess analytical error (primary beam 
instabilities, variations in the target composition with time, etc.). The use of the simple 
scatter in these two ratios was considered unjustified because the measured 207pbf206pb 
and 204pbf206pb ratios are strongly correlated. 
The ratios between the observed reproducibilities and the counting statistic errors 
for both the 207pbf206pb and 204pbf206pb ratios are given in the data tables for each 
sample. For the purposes of calculating the t1, t2 and radiogenic 207Pbf206pb ages the 
counting statistic errors were replaced by the observed errors whenever the latter were 
found to be larger: counting statistics were viewed only as a 'best possible' limit for the 
precision estimate. It is noted that in cases where the ratio of the two errors was less than 
1.5 there is no significant difference between the two values at the 95% confidence level. 
2.7 Pegmatite-Banded Gneiss 
The protolith of the pegmatite-banded gneiss was emplaced into the Luke Creek 
Group greenstones. In the central Murchison Province the pegmatite-banded gneiss 
occurs as rafts and xenoliths within the younger recrystallized monzogranite. The gneiss 
is composed of three facies (Watkins and Hickman, 1990): 
1. medium grained layers of monzogranite or granodiorite between 2 and 10 cm thick 
2. quartz-feldspar pegmatite bands a few cm thick 
3. late, minor monzogranitic or granodioritic dikes. 
In some outcrops this unit contains thick layers and lenses of amphibolite and banded iron 
formation which closely resemble units of the Luke Creek Group. Field relationships 
indicate that pegmatite-banded gneiss protoliths intruded the Luke Creek Group as sub-
horizontal, tabular plutons during or immediately prior to the earliest phase of regional 
deformation. 
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SAMPLE 83339: A single sample from the pegmatite-banded gneiss, 
83339, was collected from an outcrop at 28°42'S; l l6°40'E (figure 2.1). This locality 
has been described in detail by Myers and Watkins (1985). This sample contains 
plagioclase, quartz, K-feldspar and biotite with minor amounts of apatite, opaques, 
allanite, epidote, chlorite and zircon in a fine to medium grained granoblastic texture. 
Thirty-two zircons from this sample were analyzed by ion microprobe. This population 
can be subdivided into four crystal types (see also figure 3.2 & 3.3): 
PALE -- transparent, amber colored zircon often with irregular dark red patches; finely 
zoned 
PINK -- colored zircon which often overgrows dark cores; weakly zoned; highly 
reflective 
DARK -- opaque zircon which forms grain cores; contains many inclusions; 
occasionally has well developed crystal faces; yellow in reflected light (this 
material is probably metamict) 
OVERGROWTHS -- transparent, yellow zircon frequently showing weak zoning; 
forms thin on the other zircon types, moderately reflective. 
The ion microprobe data from this sample are given in table 2.2 and figure 
2.3. Despite efforts to find concordant highly radiogenic areas, these data are, in 
general, discordant and have high 204pbf206pb ratios. By pooling all 52 analyses, a best-
fit plane is obtained which has an excessive MSWD of 7 .98. Of the 52 analyses 21 have 
207Pb/206pb residuals which are greater than± 2cr (table 2.3). Apparently, this zircon 
population contains more than the three components allowed for by the best-fit plane. 
Grouping these data by crystal type does not provide significant further insight 
into the crystallization age of this zircon population (table 2.3); data from both the pale 
and pink categories do not fit single planes. In contrast, the analyses of dark zircon give 
a best-fit plane with a low MSWD of 0.25 and a t1 of2352 ± 164 Ma (lcr). A difficulty 
with this best-fit plane is that its intersection with the Y-Z surface is too steep to intersect 
a normal common Pb growth curve (table 2.3), suggesting that the high probability of 
fit of these data might be an artifact of the small number of analyses (6) conducted on this 
zircon type. The radiogenic 207pbf206pb ages of the dark zircon all fall in the range of 
2.9 to 2.7 Ga when a reasonable common Pb isotopic composition is applied to the 
measured data (table 2.2), further indicating that the best-fit plane t1 age might not 
represent a real geologic event. 
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Table 2.2 
Data from Sample 83339 (Pegmatite-Banded Gneiss) 
grain. measured ..JF measured ..JF u % % radio genie age 
spot 23Suf2D6pb 207pbf206pb 7/6 204pbf206pb 4/6 (wt.%) com. cone. 238/206 207 /206 (Ma) 
83339 pale zircon 
1.1 3.91 ± 8 0.342 ± 2 2.1 0.0125 ± 1 1.0 0.09 16.3 40 4.68 0.194 2772 ± 27 
1.2 2.75 ± 6 0.279 ± 1 2.1 0.0069 ± 1 1.2 0.07 9.0 61 3.02 0.198 2806 ± 13 
2.1 2.26 ± 4 0.314 ± 3 2.8 0.0093 ± 2 1.6 0.028 13 .1 70 2.60 0.201 2832 ± 20 
6.1 4.79 ± 10 0.346 ± 5 4.0 0.0146 ± 4 1.8 0.11 19.4 35 5.94 0.164 2501 ± 94 
10.1 2.05 ± 4 0.241 ± 2 2.2 0.0028 ± 1 1.4 0.036 3.7 83 2.13 0.208 2892 ± 22 
10.2 2.77 ± 6 0.326 ± 8 8.1 0.0098 ± 6 4.7 0.07 13.2 55 3.19 0.209 2898 ± 111 
11.1 2.73 ± 6 0.245 ± 6 3.2 0.0047 ± 5 2.1 0.008 6.2 65 2.91 0.190 2742 ± 85 
15.3 2.43 ± 5 0.324 ± 2 1.9 0.0113 ± 2 1.0 0.09 14.9 66 2.86 0.190 2743 ± 31 
16.2 14.93 ± 30 0.422 ± 11 1.8 0.0213 ± 12 0.8 0.009 25.1 9 19.94 0.198 2806 ± 227 
18.1 3.41 ± 7 0.366 ± 4 2.8 0.0145 ± 3 1.4 0.07 19 .1 44 4.21 0.193 2767 ± 62 
19.1 1.59 ± 3 0.212 ± 1 1.1 0.0001 ± 1 4.4 0.034 0.1 109 1.59 0.212 2925 ± 14 
19.2 2.96 ± 6 0.225 ± 4 4.4 0.0036 ± 4 3.2 0.06 4.6 59 3.10 0.199 2816 ± 61 
19.3 6.01 ± 12 0.310 ± 3 2.5 0.0123 ± 2 1.2 0.14 16.1 30 7 .16 0.158 2432 ± 62 
20.1 3.57 ± 7 0.361 ± 1 1.1 0.0145 ± 2 0.6 0.16 19.0 43 4.41 0.188 2721 ± 31 
21.1 3.32 ± 7 0.337 ± 3 2.7 0.0120 ± 3 1.4 0.07 15.7 47 3.94 0.194 2779 ± 54 
22.1 1.93 ± 4 0.215 ± 2 1.3 0.0011 ± 1 1.8 0.040 1.2 92 1.96 0.203 2854 ± 21 
22.2 2.34 ± 5 0.239 ± 1 1.6 0.0032 ± 1 1.3 0.06 4.3 74 2.45 0.200 2826 ± 20 
23.1 2.97 ± 6 0.238 ± 2 2.2 0.0040 ± 2 1.5 0.06 5.3 60 3.13 0.192 2758 ± 32 
24.1 2.38 ± 5 0.257 ± 2 2.4 0.0038 ± 2 2.0 0.06 5.6 70 2.52 0.209 2902 ± 34 
25.1 2.09 ± 4 0.245 ± 2 1.4 0.0030 ± 1 1.2 0.030 3.8 80 2.18 0.211 2917 ± 22 
27.1 7.80 ± 16 0.340 ± 4 2.4 0.0145 ± 3 1.1 0.16 19.2 22 9.65 0.160 2451 ± 77 
30.1 3.67 ± 8 0.252 ± 1 1.1 0.0050 ± 1 0.7 0.07 6.6 48 3.93 0.192 2761 ± 20 
30.2 3.12 ± 6 0.234 ± 3 2.2 0.0029 ± 2 1.8 0.07 4.0 56 3.25 0.198 2808 ± 41 
31.1 3.04 ± 6 0.384 ± 2 2.5 0.0167 ± 2 1.2 0.14 22.0 50 3.90 0.182 2667 ± 47 
83339 pink zircon 
3.2 4.31 ± 9 0.255 ± 3 i.4 0.0049 ± 3 1.0 0.007 5.8 39 4.57 0.207 2880 ± 46 
3.3 3.84 ± 8 0.275 ± 3 1.9 0.0075 ± 2 1.1 0.018 9.3 44 4.23 0.190 2745 ± 46 
4.1 4.31 ± 9 0.306 ± 3 2.2 0.0090 ± 3 1.2 0.028 11.5 37 4.87 0.203 2849 ± 45 
7.1 3.50 ± 7 0.283 ± 3 2.2 0.0088 ± 2 1.1 0.026 11.7 51 3.96 0.175 2604 ± 53 
8.1 4.07 ± 8 0.224 ± 6 3.2 0.0043 ± 5 2.2 0.027 6.2 48 4.34 0.167 2524 ± 96 
11.2 3.14 ± 6 0.250 ± 2 1.7 0.0052 ± 2 1.1 0.032 6.6 56 3.36 0.190 2741 ± 36 
1il 1.68 ± 4 0.213 ± 4 2.4 0.0008 ± 3 2.8 0.014 0.2 104 1.68 0.212 2918 ± 49 
15.2 1.70 ± 4 0.217±2 1.5 0.0007 ± 2 2.5 0.026 0.8 102 1.72 0.210 2902 ± 25 
28.1 2.50 ± 5 0.219 ± 2 1.0 0.0006 ± 1 1. 7 0.017 0.8 69 2.52 0.213 2927 ± 19 
28.2 2.04 ± 4 0.216 ± 2 1.4 0.0003 ± 1 3.3 0.022 0.4 85 2.05 0.213 2927 ± 21 
32.1 2.78 ± 6 0.334 ± 1 1.2 0.0124 ± 2 0.6 0.11 16.3 58 3.33 0.185 2696 ± 26 
83339 overgrowths 
3.1 3.86 ± 8 0.263 ± 1 1.0 0.0067 ± 1 0.6 0.09 9.1 46 4.23 0.182 2676 ± 16 
3.4 3.37 ± 7 0.286 ± 2 3.1 0.0079 ± 2 1.8 0.10 10.7 50 3.76 0.192 2761 ± 36 
12.1 3.14 ± 6 0.390 ± 2 1.7 0.0166 ± 2 2.4 0.08 22.5 47 4.01 0.192 2764 ± 45 
13 .1 2.15 ± 4 0.380 ± 2 2.4 0.0164 ± 2 1.1 0.10 22.3 71 2.74 0.182 2674 ± 41 
16. l 6.42 ± 14 0.484 ± 29 2.8 0.0261 ± 23 1.2 0.0023 30.0 18 9.06 0.235 3084 ± 441 
28.3 5.26 ± 11 0.320 ± 3 2.9 0.0108 ± 2 1.5 0.17 14.8 31 6.14 0.189 2737 ± 48 
29.1 3.29 ± 7 0.268 ± 2 2.4 0.0064 ± 2 1.5 0.11 8.8 52 3.60 0.190 2745 ± 34 
33.1 2.17 ± 4 0.212 ± 2 1.4 0.0019 ± 1 1.4 0.035 2.7 85 2.23 0.189 2734 ± 21 
(table 2 .2 continued ... ) 
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(table 2.2 continued) 
grain. ID!<i!:i:W:ed ..JF lll!<l!'i:W:ed ..Jp u % % I!!QiQ&!<Di~ age 
spot 238U/206pb 207pb;206Pb 7 /6 204pb;206pb 4/6 (wt.%) com. cone. 23 8/206 207 /206 (Ma) 
83339 dark zircon 
3.5 12.00 ± 24 0.405 ± 2 2.6 0.0185 ± 2 1.2 0.28 24.2 12 15.83 0.182 2674 ± 48 
3.6 8.42 ± 17 0.399 ± 1 1.2 O.Q172 ± 2 0.6 0.29 22.6 17 10.87 0.194 2774 ± 27 
9.1 1.97 ± 4 0.434 ± 13 13.1 0.0185 ± 11 6.6 0.15 25.8 67 2.66 0.202 2879 ± 228 
23.2 4.33 ± 9 0.357 ± 3 2.8 0.0139 ± 2 1.4 0.24 18.3 36 5.30 0.190 2740 ± 50 
26.1 4.16 ± 8 0.323 ± 2 1.9 0.0116 ± 2 1.0 0.18 15.3 40 4.91 0.183 2677 ± 36 
29.2 5.92 ± 12 0.321 ± 3 2.7 0.0117 ± 3 1.4 0.21 15.5 29 7.01 0.179 2640 ± 60 
83339 mixed analyses 
5.1 7.50 ± 15 0.253 ± 4 2.4 0.0043 ± 4 1.3 0.020 5.6 23 7.94 0.203 2847 ± 61 
8.2 4.51 ± 9 0.311 ± 9 6.6 0.0079 ± 11 6.0 0.053 10.8 33 5.06 0.227 3028 ± 148 
17 .1 5.73 ± 12 0.276 ± 2 1.2 0.0069 ± 2 0.8 0.10 8.9 29 6.29 0.195 2786 ± 27 
Ion microprobe data from sample 83339 giving the measured 238uf206pb, 207pb/206pb and 
204pbf206pb for all 52 analyses (the 238uf206pb ratio has been corrected for machine interelement 
discrimination). The indicated morphological groups are the same as those given in the text; mixed 
analyses refer to ones conducted on the margin between two zircon types. The columns for .../F give the 
ratio between the observed and counting statistic errors for the indicated Pb isotopic ratios. All errors are 
10' and refer to the final decimal place of the quoted value. The observed errors have been quoted for the 
Pb isotopic ratios only where they exceed the ion counting-based values. Total U concentrations are 
given in weight percent. The % common 206pb, % concordant, radiogenic isotopic ratios and the 
radiogenic 207pbf206pb ages have been calculated using the observed 204pb content and a common Pb 
composition of 204pbf206pb = 0.07580 and 207pbf206pb = 1.1009 equivalent to Cumming and 
Richards's (1975) model 3 common Pb for 2.9 Ga. The percent concordant is with respect to fraction of 
radiogenic Pb lost from a closed system with the indicated 207pb/206pb age. Underlined analysis 
numbers are those which were used in calculating the emplacement age of this sample. 
Pooling either the low U analyses or the analyses with low 204Pbf206pb results 
in planes with relatively low MSWD and reasonable probabilities of fit. Once again, the 
problem encountered by both of these data subsets is that their intercepts with the Y-Z 
surface do not intersect a normal common Pb growth curve. In fact, the best-fit plane to 
the low 204pbf206pb data has a negative slope -- a truly unrealistic result! For defining 
the emplacement age of sample 83339, one is therefore left using the mean radiogenic 
207pbf206pb of the three analyses which appear to be on or near concordia (analyses 
15.l, 15.2 and 19.1). This approach inherently assumes that the lower concordia 
intercept age (t2) is 0 Ma. These three analyses give a weighted radiogenic 207pbf206pb 
age of 2919 ± 12 Ma (lcr of the expected error). None of the other 49 analyses gave 
significantly older radiogenic 207pbf206Pb ages, implying that no xenocrystic component 
is present within this zircon population. 
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Figure 2.3: Concordia diagram for the data from the pegmatite-banded gneiss sample 83339. The data 
have been corrected for common Pb using 2.9 Ga old Cumming and Richards's (1975) model 3 Pb (see 
table 2.2). Error ellipses are lcr: the U-Pb precision is based on the observed scatter in repeat 
measurements of the standard, the Pb-Pb precision is based on the internal scatter between the seven scans 
of the mass spectrum. Inset shows enlarged area for the 23 most concordant analyses. Mixed analysis are 
from data collected on the boundary overlapping two zircon types. This particular concordia projection 
(Tera and Wasserburg, 1974) was chosen because it represents the X-Y surface of the 3-dimensional 
concordia. 
Table 2.3 
Best-Fit Plane Parameters for Pegmatite-Banded Gneiss 83339 
Group N a b c residual t1 N>±2cr MSWD prob. 
all analyses 52 -0.0004 ± 3 0.205 ± 1 10.8 ± 0.1 10.9 2862 ± 5 16 ± 11 21 7.98 0.000 
pale 24 -0.0052 ± 7 0.218 ± 2 11.1 ± 0.2 3.1 2897 ± 8 196 ± 25 4 3.07 0.000 
pink 11 -0.0021 ± 14 0.216 ± 3 9.9 ± 0.2 7.8 2925 ± 12 81±50 4 5.63 0.000 
dark 6 -0.0025 ± 12 0.156 ± 12 15.3 ± 1.2 -2.6 2352 ± 164 150 ± 85 0 0.25 0.864 
overgrowths 8 -0.0012 ± 11 0.190 ± 4 12.1 ± 0.2 -0.3 2724 ± 21 54± 50 0 2.07 0.066 
U < 250ppm 8 0.0016 ± 12 0.209 ± 3 9.0 ± 0.7 3.9 2923 ± 12 -63 ± 49 0 1.67 0.138 
204/206 < 0.002 7 0.0076 ± 24 0.202 ± 4 -2.2 ± 1.1 12.2 2941±7 -310 ± 105 0 0.96 0.425 
238/206* < 2.5 9 -0.0233 ± 65 0.250 ± 11 13.0 ± 1.3 -1.2 2898 ± 12 764±179 3 5.74 0.000 
Best-fit plane parameters for sample 83339. N is the number of samples in the group considered. The 
values for a, b and c give the orientation of the plane Y = aX + b + cZ; the errors for a and b are for the 
final digit of the quoted value. Residual gives the distance between the assumed common Pb component 
(see table 2.2) and the best-fit plane in the 207pbf206pb dimension divided by the uncertainty in this 
dimension as described by the plane's error hyperboloid (negative values indicate the plane passes above 
the assumed common Pb composition). The t1 and t2 values give the concordia intercept ages and errors 
for the best-fit plane. The column labeled N > ± 2cr gives the number of analyses in the pool which have 
weighted residuals greater than 2 with respect to the cited plane. The MSWD of the plane along with the 
cumulative x2 distribution 'probability of fit' are also given. The probability of fit represents the chance 
that the determined MSWD value or greater would be obtained for the given number of degrees of freedom 
assuming that only analytical errors are responsible for the deviation of the data from a 'perfect fit'. All 
errors are l<J. *=corrected for non-radiogenic components. 
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Individual measurements from overgrowth-type zircon give radiogenic 
207Pbf206pb ages which are often younger than those from the other crystal types (table 
2.2), falling mostly in the range between 2.7 and 2.8 Ga. The best-fit plane to these 
eight data points has a MSWD of 2.07, which is equivalent to a probability of fit of only 
0.066 (table 2.3). Despite this relatively low probability of fit, the t1 intercept age of 
2724 Ma of this plane may reflect a genuinely younger crystallization age for this zircon 
subpopulation. A younger period of zircon growth around circa 2.7 Ga could be related 
to the regional metamorphism induced by the emplacement of the voluminous 
monzogranite (see next section). 
2.8 Recrystallized Monzogranite 
Areas between the greenstone belts are dominated by medium to coarse-grained 
monzogranite (figure 2.1). Field mapping shows that the monzogranite intruded the 
Murchison Supergroup supracrustals as thick, sub-horizontal, tabular plutons. The 
monzogranite, along with the pegmatite-banded gneiss and the Murchison Supergroup, 
were extensively recrystallized during later greenschist facies regional metamorphism. 
Zones of equigranular monzogranite which were adjacent to greenstone belts were highly 
strained during post-crystallization folding. Two samples of recrystallized monzogranite 
were analyzed by ion microprobe, one from the center of a large monzogranite body 
(83481) and one from a marginal zone (74459). 
SAMPLE 83481: This medium grained, leucocratic monzogranite was 
collected from an outcrop located at 28°34'S; 117°24'E (figure 2.1). The rock contains 
quartz, plagioclase, K-feldspar with minor amounts of chloritized biotite and zircon. Its 
original magmatic texture was recrystallized during subsequent greenschist facies 
metamorphism. Nineteen zircons from this sample were analyzed by ion microprobe. 
This population may be subdivided into three crystal types: 
COLORLESS -- transparent, massive, colorless zircons which form either complete 
grains or overgrowths on other zircon types; does not form well developed 
crystal faces 
MASSIVE -- similar to the colorless zircon type except for having a pale yellow to 
pink color in transmitted light and with a somewhat darker appearance in 
reflected light 
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ZONED -- transparent, strongly zoned zircon which has well developed crystal faces; 
may form either complete grains or grain interiors. 
The results from the ion microprobe analyses are consistent with all three of these groups 
having the same crystallization age. 
Plane-fitting indicates that these ion microprobe data (table 2.4, figure 2.4) 
do not represent a population containing a common t1, t2 and a single common Pb 
component. Analysis 7.1, a concordant analysis with an age of 2811 ± 8 Ma (lcr), can 
be eliminated from the data pool because it is older that the main population found in 
sample 83481; it is interpreted as a pre-magmatic core, which is supported by a dendritic 
zircon structure which is present at the point of analysis (analyses 7.2 and 7.3 were 
conducted near the margin of this grain). The remaining 25 analysis also do not fit a 
single plane (table 2.5). The 10 analyses conducted on the colorless and massive zircon 
types yield a plane with a MSWD of 1.15 and a corresponding probability of fit of 0.328. 
This plane has a t1 age of 2716 ± 22 and a t2 age of 711 ± 160 Ma. The existence of a 
Late Precambrian event in the Murchison Province has not previously been established; 
the 711 Ma age deserves further investigation to determine its origin and extent. The 13 
analyses of zoned zircon do not define a single plane. 
Table 2.4 
Data from Sample 83481 (Recrystallized Monzogranite) 
grain. measured ...Jp measured .../F u % % radiocenic age 
spot 23SuJ206pb 207pbJ206pb 7 /6 204pbf206pb 4/6 (wt.%) com. cone. 238/206 207/206 (Ma) 
83481 colorless zircon 
9.1 2.46 ± 7 0.253 ± 3 1.6 0.0066 ± 4 0.7 0.013 9.0 76 2.70 0.171 2571 ± 70 
lLI. 1.92 ± 5 0.194 ± 3 1.5 0.0005 ± 2 1.8 0.008 0.7 98 1.92 0.188 2720 ± 43 
10.2 1.87 ± 5 0.245 ± 1 3.2 0.0050 ± 3 1.0 0.009 6.8 97 2.01 0.185 2695 ± 81 
12.1 1.54±4 0.359 ± 6 3.6 0.0147 ± 5 1.4 0.016 20.1 103 1.92 0.177 2627 ± 120 
83481 massive zircon 
Ll 1.85 ± 4 0.263 ± 2 1.3 0.0064 ± 2 0.6 0.04 8.8 95 2.03 0.184 2688 ± 39 
4.2 2.13 ± 6 0.196 ± 2 1.2 0.0013 ± 1 1.1 0.032 1.8 91 2.17 0.180 2649 ± 24 
5.1 2.06 ± 6 0.205 ± 1 1.2 0.0018 ± 1 0.9 0.033 2.5 92 2.16 0.183 2683 ± 21 
8.2 1.98 ± 5 0.227 ± 3 1.5 0.0047 ± 3 0.8 0.012 6.4 98 2.11 0.169 2548 ± 57 
16.1 2.37 ± 6 0.205 ± 2 2.1 0.0021 ± 2 1.5 0.034 2.9 81 2.44 0.179 2642 ± 37 
18.2 2.82 ± 6 0.256 ± 5 3.5 0.0079 ± 3 1.1 0.05 10.8 70 3.16 0.156 2414 ± 80 
(table 2.4 continued ... ) 
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(table 2.4 continued) 
grain. measured -../F measured -../F u % % radio genie age 
spot 238Uf206pb 207pbf206Pb 7 /6 204pbf206pb 4/6 (wt.%) com. cone. 238/206 207 /206 (Ma) 
83481 zoned zircon 
Ll 1.94 ± 4 0.215 ± 2 2.1 0.0028 ± 2 1.3 0.06 3.9 97 2.02 0.180 2654 ± 31 
ll 1.86 ± 4 0.211 ± 3 2.2 0.0025 ± 2 1.6 0.031 3.4 102 1.93 0.180 2655 ± 44 
4.1 4.07 ± 11 0.280 ± 4 3.6 0.0102 ± 4 1.6 0.04 14.0 48 4.73 0.150 2353 ± 91 
7.1 1.81 ± 5 0.200 ± 1 0.8 0.0002 ± 1 2.2 0.07 0.2 101 1.82 0.198 2811 ± 8 
7.2 2.05 ± 6 0.209 ± 4 2.3 0.0026 ± 2 1.0 0.032 3.5 94 2.12 0.177 2626 ± 44 
7.3 3.19 ± 8 0.360 ± 2 0.5 0.0160 ± 4 0.2 0.05 21.8 53 4.09 0.158 2440 ± 77 
8.1 2.25 ± 6 0.217 ± 6 2.9 0.0036 ± 5 1.7 0.013 5.0 86 2.36 0.172 2573 ± 92 
11.1 4.96 ± 13 0.186 ± 4 5.8 0.0054 ± 3 2.3 0.15 7.4 56 5.36 0.114 1864 ± 98 
13 .1 2.36 ± 6 0.194 ± 1 1.0 0.0018 ± 1 0.7 0.05 2.5 84 2.42 0.171 2570 ± 16 
14.1 3.14 ± 8 0.224 ± 2 1.4 0.0036 ± 2 0.8 0.030 4.9 60 3.30 0.179 2646 :t 32 
15.1 2.77 ± 8 0.250 ± 2 1.0 0.0060 ± 3 0.5 0.05 8.1 66 3.02 0.176 2616 ± 52 
15.2 2.37 ± 6 0.229 ± 6 7.3 0.0068 ± 4 2.9 0.06 9.3 92 2.61 0.142 2250 ± 118 
17 .3 4.21 ± 8 0.156 ± 2 5.2 0.0038 ± 2 2.1 0.23 5.1 73 4.44 0.106 1735 ± 66 
19.1 1.24 ± 3 0.582 ± 11 4.0 0.0317 ± 9 1.4 0.023 43.2 83 2.18 0.203 2850 ± 236 
83481 mixed analyses 
2.1 1.38 ± 3 0.722 ± 6 4.1 0.0459 ± 5 1.3 0.076 62.6 76 3.69 0.121 1971 ± 379 
6.1 3.14 ± 8 0.238 ± 3 1.8 0.0049 ± 2 0.9 0.025 6.7 59 3.37 0.178 2633 ± 43 
Ion microprobe data from sample 83481. The% common 206Pb, % concordant, radiogenic isotopic 
ratios and the radiogenic 207pb;206pb a~es have been calculated using the observed 204pb content and a 
common Pb composition of 204pb/ 06pb = 0.07334 and 207pbf206pb = 1.0805 equivalent to 
Cumming and Richards's (1975) model 3 common Pb for 2.7 Ga. See footnotes for table 2.2 for 
further explanation. 
Table 2.5 
Best-Fit Plane Parameters for Recrystallized Monzogranites 
Group 
83481 
'all' analyses 
colorless + mas. 
zoned 
204206 < 0.003 
238/206* < 2.15 
74459 
all analyses 
w/o 4 outliers 
massive 
zoned 
overgrowths 
204/206 < 0.004 
N a b c 
25 -0.0196 ± 11 0.222 ± 3 11.8 ± 0.2 
10 -0.0186 ± 51 0.222 ± 11 11.2 ± 0.2 
13 -0.0223 ± 14 0.224 ± 4 12.9 ± 0.3 
8 -0.0226 ± 12 0.232 ± 13 9.4 ± 1.7 
8 -0.0461 ± 2590.274 ± 52 10.8 ± 0.9 
64 0.0010 ± 9 0.179 ± 2 12.2 ± 0.2 
60 0.0010 ± 11 0.181 ± 2 12.2 ± 0.1 
18 0.0025 ± 27 0.176 ± 6 12.3 ± 0.2 
29 0.0009 ± 15 0.183 ± 3 12.0 ± 0.1 
13 -0.0010 ± 30 0.200 ± 26 11.4 ± 1.2 
11 -0.0014 ± 38 0.188 ± 7 10.6 ± 0.4 
residual ti N>±2a MSWD prob. 
-0.8 2692 ± 12 
1.3 2716 ± 22 
-3.9 2650 ± 20 
1.3 2740 ± 41 
0.3 2704 ± 51 
0.2 2664 ± 5 
0.8 2681±6 
-0.0 2657 ± 13 
2.6 2700 ± 8 
753 ± 34 
711±160 
862 ± 42 
825 ± 156 
1445 ± 545 
-51±48 
-48 ± 53 
-123 ± 139 
-42 ± 69 
0.7 2816 ± 190 41±123 
3.2 2702 ± 9 66 ± 169 
8 7.72 0.000 
1 1.15 0.328 
5 10.23 0.000 
0 1.41 0.217 
0 0.69 0.628 
9 5.01 0.000 
4 1.23 0.114 
1 0.82 0.659 
2 1.10 0.329 
0 0.93 0.504 
0 1.35 0.213 
Best-fit plane parameters for recrystallized monzogranite samples 83481 and 74459 (for data see tables 
2.4 & 2.6). In each case for sample 83481 the data from outlier analysis 7.1 have been excluded from 
the data pool. For sample 74459 all calculations except for the first row have excluded the data from the 
four outlier analyses 5.1, 9.4, 9.5 and 19.1. All errors are lcr. * = corrected for non-radiogenic 
components. See the footnotes for table 2.3 for further explanation. 
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Figure 2.4: Concordia diagrams for the data from the recrystallized monzogranite samples 83481 and 
74459. The data have been corrected for common Pb using 2.7 Ga old Cumming and Richards's (1975) 
model 3 Pb (see tables 2.4 & 2.6). Error ellipses are la. Mixed analyses are from data collected on 
the boundary overlapping two zircon types. 
Eight measurements yielded 204Pbf206pb ratios less than 0.003. These data 
give a best-fit plane with a MSWD of 1.41 and a corresponding probability of fit of 0.217 
with a t1 age of 2740 ± 41 and a t2 age of 825 ± 156 Ma (lo). This plane intersects the 
Y-Z (207pbf206pb - 204pbf206pb) surface with a slope which passes below the 2.7 Ga 
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common Pb model composition. However, because of the low 204Pb contents of these 
analyses, the position of this line is not well defined which leads to a weighted residual 
for the model common Pb of only 1.3cr. 
The eight analyses (1.1, 1.2, 3.1, 7.2, 8.2, 10.1, 10.2 and 12.1) with 
radiogenic 238U/206pb ratios below 2.15 produce a best-fit plane with a t1 of2704 ± 51 
and a t2 of 1445 ± 545 Ma (lcr) and a MSWD of 0.69 corresponding to a probability of 
fit of 0.628; on the Y-Z surface this plane passes within error of a 2.7 Ga common Pb 
model composition. Since this plane is based on a subset of the most concordant data, 
the 2704 ± 51 Ma is the best estimate of the emplacement age of this rock. It is noted that 
these same data, when corrected for their non-radiogenic Pb component using an 
assumed exact 2.7 Ga model common Pb composition (tab1e 2.4), yield a weighted 
mean 207Pb/206pb age of 2659 ± 16 Ma. Though statistically indistinguishable, the 
differences both in the mean values and assigned precisions between 2704 ± 51 Ma and 
2667 ± 13 Ma demonstrate the effect of assuming Recent Pb-loss and an exactly known 
common Pb composition. As the 2704 Ma age is free of such assumptions, this is the 
emplacement age assigned to this sample. 
SAMPLE 74459: This monzogranite was collected from 27°45'S; 
1l7°53'E (figure 2.1). Its is composed of quartz, plagioclase, K-feldspar, biotite and 
muscovite with minor amounts of carbonate, apatite, chlorite, epidote and zircon. The 
rock was strongly sheared and was metamorphosed to greenschist facies. From this 
sample 27 zircons were analyzed by ion microprobe. Three different crystal types may be 
identified in this population: 
MASSIVE -- transparent regions with no apparent zoning; the boundaries between the 
massive and zoned types may be either sharp or gradational, implying that they 
may be coeval 
ZONED -- optically zoned, euhedral, dark brown to pale colored, elongate regions 
with well developed pyramidal terminations 
OVERGROWTHS -- strongly zoned zircon which appears yellow in transmitted light 
and off-white in reflected light; generally forms overgrowths and grain margins 
of variable thickness. 
The results from the ion microprobe analyses are consistent with all three of these groups 
having the same crystallization age. 
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Table 2.6 
Data from Sample 74459 (Recrystallized Monzogranite) 
grain. measured ..JF measured ..JF u % % radio genie age 
spot 238uJ206pb 207pb;206Pb 7 /6 204pbf206pb 4/6 (wt.%) com. cone. 238/206 207 /206 (Ma) 
74459 massive zircon 
ll 1.92 ± 8 0.190 ± 2 1.4 0.0007 ± 2 1.4 0.009 1.0 101 1.94 0.181 2666 ± 34 
3.2 1.76 ± 4 0.246 ± 3 3.2 0.0053 ± 2 1.2 0.016 7.2 103 1.90 0.181 2665 ± 49 
u 1.40 ± 3 0.314 ± 4 3.4 0.0113 ± 3 0.8 0.013 15.4 121 1.65 0.175 2609 ± 62 
Ll 1.88 ± 7 0.199 ± 2 1.6 0.0011 ± 1 1.6 0.026 1.6 101 1.90 0.185 2698 ± 23 
4.2 1.83 ± 4 0.219 ± 2 3.1 0.0034 ± 2 1.3 0.032 4.7 104 1.92 0.176 2618 ± 30 
4....3. 1.74 ± 4 0.216 ± 2 2.8 0.0031 ± 2 1.1 0.024 4.2 109 1.82 0.178 2632 ± 32 
4.5 2.49 ± 5 0.223 ± 2 2.3 0.0036 ± 1 0.8 0.036 4.9 75 2.62 0.179 2643 ± 26 
9.4 2.07 ± 4 0.188 ± 1 1.1 0.0009 ± 1 0.8 0.068 1.2 95 2.10 0.178 2631 ± 8 
.12..l 2.25 ± 9 0.274 ± 2 2.2 0.0073 ± 2 1.1 0.027 9.9 77 2.50 0.186 2703 ± 32 
14.3 2.32 ± 5 0.257 ± 2 2.6 0.0058 ± 2 0.8 0.4 8.0 76 2.52 0.186 2706 ± 39 
15.1 1.73±7 0.334 ± 3 3.3 0.0128 ± 3 1.3 0.07 17.4 95 2.09 0.176 2621 ± 59 
l.Ll 1.73 ± 7 0.245 ± 4 2.8 0.0057 ± 4 1.4 0.011 7.8 108 1.87 0.174 2598 ± 74 
17 .1 1.00 ± 4 0.378 ± 4 6.6 0.0160 ± 2 1.7 0.051 21.9 153 1.28 0.181 2663 ± 61 
17.3 1.60 ± 3 0.260 ± 2 2.0 0.0068 ± 2 0.7 0.022 9.2 113 1.76 0.176 2617 ± 41 
19.1 1.81 ± 7 0.201 ± 1 0.8 0.0001 ± 1 1.8 0.014 0.0 100 1.81 0.201 2831±15 
22.1 1.26 ± 5 0.371 ± 4 2.7 0.0154 ± 3 1.0 0.013 21.0 122 1.60 0.182 2674 ± 71 
23.1 1.98 ± 8 0.213 ± 2 1.9 0.0026 ± 2 1.2 0.021 3.6 95 2.06 0.181 2661 ± 33 
.llJ. 1.19±3 0.368 ± 4 9.6 0.0148 ± 5 4.6 0.048 20.2 128 1.49 0.188 2723 ± 90 
28.4 1.88 ± 5 0.372 ± 3 6.2 0.0155 ± 2 1.2 0.036 21.1 82 2.38 0.182 2675 ± 52 
28.5 1.19±3 0.386 ± 5 16.2 0.0168 ± 4 4.4 0.10 22.9 128 1.54 0.179 2648 ± 92 
74459 zoned zircon 
Ll 1.74 ± 7 0.228 ± 2 3.4 0.0037 ± 3 2.8 0.05 5.1 106 1.83 0.182 2673 ± 43 
2....1 0.61 ± 2 0.420 ± 1 2.8 0.0196 ± 1 1.0 0.15 26.7 237 0.83 0.180 2648 ± 18 
2.2 1.34 ± 5 0.337 ± 6 10.4 0.0132 ± 5 4.1 0.10 18.0 124 1.63 0.174 2596 ± 107 
2.3 0.90 ± 4 0.372 ± 1 3.0 0.0155 ± 1 1.2 0.08 21.1 169 1.15 0.183 2676 ± 24 
5.1 0.77 ± 3 0.337 ± 1 3.2 0.0136 ± 1 1.2 0.15 18.6 219 0.95 0.168 2537 ± 16 
LJ 1.15 ± 4 0.373 ± 3 6.4 0.0161 ± 2 1.4 0.11 21.9 136 1.48 0.174 2599 ± 49 
Ll 1.94 ± 8 0.186 ± 1 1.2 0.0001±1 2.8 0.06 0.2 99 1.95 0.185 2696 ± 11 
.LI. 0.92 ± 4 0.330 ± 1 1.7 0.0120 ± 2 0.7 0.028 16.4 177 1.10 0.182 2672 ± 30 
8.2 0.85 ± 2 0.383 ± 3 5.8 0.0168 ± 1 0.8 0.04 23.0 182 1.10 0.176 2611±43 
8.3 0.98 ± 2 0.366 ± 2 4.8 0.0153 ± 2 1.3 0.07 20.8 159 1.24 0.178 2632 ± 37 
.2...1 0.92 ± 4 0.394 ± 1 2.4 0.0175 ± 1 0.9 0.10 23.8 162 1.21 0.180 2649 ± 21 
2....2 0.84 ± 2 0.419 ± 2 6.9 0.0196 ± 2 1.6 0.10 26.8 172 1.15 0.177 2626 ± 41 
.2...1 0.94 ± 2 0.403 ± 3 8.8 0.0183 ± 1 0.9 0.12 25.0 159 1.25 0.178 2636 ± 41 
9.5 2.12 ± 4 0.224 ± 1 2.6 0.0044 ± 1 1.0 0.12 5.9 91 2.25 0.170 2559 ± 20 
10.1 1.24 ± 5 0.392 ± 2 2.7 0.0174 ± 1 1.1 0.066 23.8 122 1.62 0.178 2634 ± 32 
11.1 1.16 ± 4 0.381 ± 1 1.5 0.0163 ± 1 0.6 0.079 22.2 130 1.50 0.182 2671 ± 26 
.l.l..l 2.09 ± 8 0.217 ± 2 2.6 0.0033 ± 2 1.5 0.05 4.5 91 2.19 0.176 2618 ± 28 
14.1 3.04 ± 12 0.265 ± 2 1.5 0.0060 ± 2 0.8 0.028 8.2 57 3.31 0.192 2757 ± 30 
14.2 1.34 ± 3 0.402 ± 2 6.9 0.0183 ± 1 0.7 0.16 25.0 111 1.79 0.176 2619 ± 37 
.ll.2 0.71±1 0.361 ± 2 4.8 0.0146 ± 1 1.2 0.06 19.9 221 0.88 0.182 2667 ± 30 
. 17.4 1.40 ± 3 0.327 ± 3 5.0 0.0120 ± 2 0.9 0.09 16.4 117 1.68 0.179 2647 ± 39 
.ll..l 1.76 ± 7 0.325 ± 3 2.2 O.Qll4 ± 3 0.8 0.026 15.5 92 2.09 0.186 2712 ± 54 
.l.U 1.15±3 0.365 ± 3 6.8 0.0150 ± 2 1.4 0.06 20.3 135 1.45 0.182 2670 ± 46 
18.5 2.03 ± 6 0.231 ± 2 3.8 0.0038 ± 2 1.8 0.05 5.2 90 2.14 0.184 2692 ± 31 
18.7 1.90 ± 6 0.268 ± 4 5.5 0.0072 ± 3 1.5 0.027 9.9 94 2.11 0.179 2641±57 
~ 1.21±4 0.346 ± 2 4.3 0.0134 ± 2 1.2 0.040 18.3 132 1.48 0.181 2662 ± 42 
Z.QJ. 1.81 ± 7 0.200 ± 2 1.7 0.0010 ± 2 1.7 0.020 1.3 104 1.83 0.188 2726 ± 25 
21.1 1.26 ± 5 0.347 ± 3 4.0 0.0134 ± 2 1.6 0.05 18.2 125 1.54 0.184 2686 ± 47 
2il 1.41 ± 4 0.400 ± 2 5.3 0.0176 ± 3 2.1 0.05 24.0 104 1.86 0.184 2689 ± 62 
26.l 1.14±3 0.276 ± 2 5.0 0.0072 ± 2 1.8 0.07 9.9 149 1.27 0.188 2728 ± 27 
27.1 1.00 ± 3 0.381 ± 1 2.8 0.0162 ± 1 0.8 0.06 22.0 152 1.28 0.183 2683 ± 19 
(table 2.6 continued ) 
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(table 2.6 continued) 
grain. measured ..JF me11Sm:ed ..JF u % % ragjog~nic age 
spot 23Suf206pb 207pb;206Pb 7 /6 204pbf206pb 4/6 (wt.%) com. cone. 238/206 207/206 (Ma) 
74459 overgrowths 
2A 0.55 ± 2 0.432 ± 2 8.2 0.0202 ± 1 1.9 0.32 27.6 252 0.76 0.185 2700 ± 28 
3.4 0.64 ± 1 0.430 ± 3 12.6 0.0201 ± 1 1.4 0.32 27.4217 0.89 0.184 2694 ± 38 
4.4 0.91 ± 2 0.417 ± 2 8.3 0.0194 ± 1 0.9 0.26 26.4 160 1.23 0.179 2640 ± 29 
LI 0.95 ± 2 0.432 ± 2 8.0 0.0206 ± 1 1.2 0.4 28.1 149 1.32 0.179 2644 ± 36 
12.2 1.60 ± 6 0.414 ± 2 4.0 0.0189 ± 2 1.5 0.5 25.8 91 2.15 0.182 2673 ± 37 
14.4 1.10±2 0.414 ± 1 2.9 O.D190 ± 1 0.8 0.39 25.8 131 1.48 0.182 2673 ± 17 
.l.Ll 0.69 ± 3 0.423 ± 1 5.6 0.0197 ± 1 2.1 0.4 26.9 206 0.95 0.182 2667 ± 24 
18.3 0.85 ± 2 0.419 ± 2 11.7 0.0192 ± 2 3.1 0.4 26.2 166 1.16 0.185 2695 ± 40 
18.6 1.09 ± 3 0.426 ± 1 7.1 0.0197 ± 1 2.0 0.5 26.9 129 1.49 0.185 2697 ± 22 
1.2....2 1.01 ± 4 0.431 ± 2 5.2 0.0203 ± 1 1.9 0.4 27.7 139 1.40 0.182 2669 ± 29 
26.2 1.12±3 0.414 ± 2 12.5 0.0188 ± 2 3.3 0.38 25.6 128 1.51 0.184 2692 ± 35 
28.2 1.10±3 0.420 ± 4 24.8 0.0190 ± 1 3.0 0.4 25.8 128 1.48 0.190 2741 ± 50 
2U 1.22 ± 4 0.416 ± 4 21.9 0.0182 ± 3 6.0 0.8 24.9 114 1.62 0.196 2794 ± 70 
Ion microprobe data from sample 74459. The% common 206pb, % concordant, radiogenic isotopic 
ratios and the radiogenic 207pbf206pb ages have been calculated using the observed 204pb content and a 
common Pb composition of 204pbf206pb = 0.07334 and 207pbf206pb = 1.0805 equivalent to 
Cumming and Richards's (1975) model 3 common Pb for 2.7 Ga. See footnotes for table 2.2 for 
further explanation. 
This is a highly unusual suite of zircons; the ion microprobe measured extremely 
reverse discordant ages (i.e. U-Pb ages greater than the 207Pb/206pb age giving data 
which lie to the left of concordia). A detailed investigation of the origins of this 
phenomenon is given in chapter 3 of this thesis. The best-fit plane to all of the data yields 
a high MSWD of 5.64, implying that significant outliers are present in the population. 
Analysis 19.1 was older than the main population, giving a radiogenic 207Pb/206pb age 
of 2831 ± 15 Ma (lcr). It is interpreted as a premagmatic component. Three other 
analyses (5.1, 9.4 and 9.5) were clearly located below the main population (table 2.6, 
figure 2.4). Due to the scatter in the 207Pb/206pb of these three analyses, they are 
interpreted as reflecting a post-crystallization disturbance in the U-Pb system which must 
have happened after 2537 ± 16 Ma, the youngest of the three 207pbf206pb ages. 
Despite the reversely discordant nature and high 204pb contents of these data, 
plane-fitting to the remaining 60 analyses in the data pool gave a precise age of 2681±6 
Ma (lcr). This is interpreted as the time of crystallization of the protolith; it is statistically 
identical to the crystallization age obtained from the other sample of recrystallized 
monzogranite. This best-fit plane gave a t2 age of -48 ± 53 Ma, which is interpreted as 
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due to a circa O Ma aged disturbance of the U-Pb system. This plane has a MSWD of 
1.23 which corresponds to a probability of fit of 0.114. The four analyses with 
weighted residuals greater than± 2 all have residuals which fall in the range between± 
2.0 and± 2.5 of the best-fit plane; there is no clear criterion for eliminating them from the 
data pool. It is noted that these same 60 analyses give a weighted mean 207Pbf206pb age 
of 2673 ± 4 Ma, a value which is independent of the measured U/Pb ratios. At the 2cr 
level the 2673 Ma age is indistinguishable from the age obtained from the best-fit plane. 
Likewise at the 2cr level, plane-fitting to massive, zoned, overgrowth and low 204Pb 
subgroups each yield t1 and t2 ages equivalent to the results of the plane fit to the entire 
population. 
2.9 Post-Folding Granitoids 
Throughout the Murchison Province 57 plutons of post-folding granitoids have 
been recognized; on the basis of petrology and geochemistry these are subdivided into 
two suites (Watkins and Hickman, 1990). Suite I plutons, consisting of tonalite, 
granodiorite and monzogranite, occur mainly in the northeast of the province (figure 
2.1). Suite II plutons, consisting of quartz rich syenogranite and monzogranite, occur 
mainly in the southwest. Post-folding granitoids intrude only greenstone belt interiors 
and the contacts between recrystallized monzogranite and greenstones. They have sub-
circular, discordant outcrop patterns which truncate stratigraphic units and tectonic 
features associated with folding. Both suites are characterized by igneous textures, 
indicating that intrusion post-dated the peak of regional metamorphism. 
SAMPLE 83407 (suite II): This granite, collected from an outcrop 
located at 29°l3'S; l l6°44'E (figure 2.1), is composed of plagioclase, K-feldspar, 
quartz and hornblende with minor amounts of fayalitic olivine, clinopyroxene, apatite, 
biotite and zircon. Both texture and mineralogy indicate that this sample has not 
experienced any post-crystallization metamorphism. Twenty-two zircons from this 
sample were analyzed by ion microprobe. This population contains two zircon types: 
MASSIVE -- pink, euhedral, elongate grains containing relatively few inclusions; 
generally form complete grains but also exist as overgrowths over zoned zircon 
ZONED -- pink, euhedrally zoned material found as grain interior overgrown by 
massive zircon; the contact between these two types can be sharp or gradational. 
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The massive type dominates this population, representing over 90% of all grains. The 
results from the ion microprobe analyses are consistent with both of these groups having 
the same crystallization ages. 
The ion microprobe data collected from this sample (table 2.7, figure 2.5) 
are highly concordant, with low 204Pb/206pb ratios. In contrast to the other samples 
discussed above, 83407 yielded highly reproducible results with only a few percent 
scatter in the radiogenic 238Uf206pb and 207pbf206pb ratios. One analysis (18.1) gave a 
concordant age of 2863 ± 8 Ma, which is interpreted to be from a premagmatic xenocryst. 
The remaining 23 analyses define a plane with a t1 age of 2641 ± 5 Ma (lcr); this is the 
emplacement age assigned to this sample. The combination of low common Pb and little 
dispersion in the magmatic zircon U/Pb ratio means that neither the common Pb 
composition nor t2 (375 ± 227 Ma) are defined precisely. If one corrects the measured 
data with an assumed exactly known model common Pb composition with a 204pbf206pb 
of 0.07218 and a 207pbf206pb of 1.0700 (equivalent to 2.6 Ga and which is 3.0cr above 
the best-fit plane), a weighted mean age for the 23 analyses with a t1 of 2631±4 Ma is 
obtained. At the 2cr level this age is indistinguishable from the age determined by the 
plane. Plane-fitting of subpopulations based on zircon type give upper concordia 
intercept ages which are also equal to the t1 of the entire population to within error (table 
2.8). 
Sample 83407 
D massive 
1111 zoned 
0.16 .___._ __ _.____.__.__........_....__.__.__......._............___._....__.___.___.__,___. 
1.0 1.5 2.0 2.5 3.0 
( 238 u I 206 Pb) . . 
rad1ogemc 
(figure 2.5 continued ... ) 
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(figure 2.5 continued) 
D clear 
• darlc 
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Figure 2.5: Concordia diagram for the data from post-folding granitoid (suite II) samples 83407 and 
83551. The data have been corrected for common Pb using 2.6 Ga old Cumming and Richards's (1975) 
model 3 Pb (see tables 2.7 & 2.9). Error ellipses are lcr. 
Table 2.7 
Data from Sample 83407 (Post-Folding Granitoid Suite II) 
grain. measured ..Jp measured ..Jp u % % radiogenic age 
spot 23Su f206pb 207pbf206Pb 7/6 204pbf206pb 4/6 (wt%) com. cone. 238/206 207/206 (Ma) 
83407 massive zircon 
15.1 1.98 ± 7 0.180 ± 2 1.8 0.0002 ± 1 3.0 0.025 10.3 100 1.99 0.177 2626 ± 22 
ll..l 1.97 ± 7 0.178 ± 2 1.2 0.0003 ± 1 1.3 0.010 0.4 102 1.97 0.175 2604 ± 22 
17 .1 1.96 ± 7 0.182 ± 1 1.2 0.0004 ± 1 1.4 0.011 0.6 101 1.97 0.177 2623 ± 21 
18.2 2.15 ± 8 0.181 ± 1 0.9 0.0004 ± 1 1.0 0.012 0.5 92 2.17 0.176 2617 ± 17 
1.8....3. 2.00 ± 7 0.184 ± 2 1.4 0.0004 ± 1 1.4 0.012 0.6 98 2.01 0.179 2640 ± 27 
19.1 1.84 ± 6 0.184 ± 1 0.8 0.0002 ± 1 1.0 0.014 0.3 106 1.85 0.181 2659 ± 16 
21.1 1.96 ± 7 0.182 ± 2 1.6 0.0002 ± 2 2.3 0.012 0.3 100 1.96 0.179 2647 ± 29 
22...l 1.93 ± 7 0.180 ± 1 1.1 0.0002 ± 1 1.7 0.016 0.3 102 1.93 0.178 2633 ± 15 
23.1 1.99 ± 7 0.180 ± 2 1.9 0.0003 ± 2 2.3 0.011 0.5 100 2.00 0.176 2615 ± 34 
25.1 2.03 ± 4 0.180 ± 2 0.9 0.0005 ± 1 1.2 0.014 0.7 99 2.04 0.174 2600 ± 22 
21.1 1.89 ± 4 0.197 ± 3 1.4 0.0021 ± 2 0.9 0.009 2.9 105 1.94 0.171 2566 ± 45 
28.1 2.00 ± 4 0.180 ± 1 0.7 0.0001 ± 0 2.1 0.10 0.1 99 2.00 0.179 2643 ± 8 
lLl 1.96 ± 4 0.178 ± 1 0.6 0.0001±1 0.8 0.016 0.2 101 1.97 0.176 2620 ± 17 
.ll..l 1.91 ± 4 0.182 ± 2 0.4 0.0003 ± 1 0.5 0.011 0.4 103 1.91 0.197 2645 ± 24 
33.1 1.85 ± 4 0.184 ± 2 0.6 0.0004 ± 1 0.8 0.010 0.6 104 1.92 0.178 2633 ± 31 
34.1 1.97 ± 4 0.182 ± 2 0.8 0.0002 ± 1 1.2 0.013 0.3 99 1.98 0.180 2652 ± 20 
.ll..l 1.92 ± 4 0.178 ± 2 1.2 0.0003 ± 1 1.7 0.017 0.4 104 1.92 0.175 2605 ± 26 
36.1 1.97 ± 4 0.184 ± 3 1.3 0.0005 ± 2 1.2 0.007 0.7 100 1.98 0.177 2624 ± 46 
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(table 2.7 continued) 
grain. measured ;/F measured ;/F u % % radiogenk age 
spot 23supo6rb 201rb;206rb 7 /6 204pb;206pb 4/6 (wt.%) com. cone. 238/206 207 /206 (Ma) 
83407 zoned zircon 
18 .1 1.80 ± 6 0.206 ± 2 2.0 0.0001 ± 1 3.4 0.027 0.2 100 1.80 0.204 2858 ± 23 
20.1 1.93 ± 7 0.180 ± 2 1.2 0.0004 ± 1 1.3 0.009 0.5 103 1.94 0.175 2610 ± 22 
24.1 2.06 ± 5 0.183 ± 3 1.5 0.0008 ± 2 1.2 0.008 1.1 97 2.08 0.174 2592 ± 49 
2.§..J. 1.96 ± 4 0.179 ± 2 0.9 0.0002 ± 1 0.9 0.012 0.3 102 1.97 0.176 2613 ± 27 
30.1 2.02 ± 4 0.182 ± 2 1.3 0.0003 ± 1 2.3 0.025 0.4 98 2.03 0.178 2633 ± 26 
32.1 1.90 ± 4 0.182 ± 2 1.0 0.0004 ± 2 1.1 0.008 0.5 104 1.92 0.178 2633 ± 31 
Ion microprobe data from sample 83407. The % common 206pb, % concordant, radiogenic isotopic 
ratios and the radiogenic 207pbf206pb ages have been calculated using using the observed 204pb content 
and a common Pb composition of 204pb/206pb = 0.07218 and 207pbf206pb = 1.0700 equivalent to 
Cumming and Richards's (1975) model 3 common Pb for 2.6 Ga. See footnotes for table 2.2 for 
further explanation. 
Table 2.8 
Best-Fit Plane Parameters for Post-Folding Granitoid 
(suite II) Samples 
Group N a b c residual tl t1 N>±2cr MSWD prob. 
83407 
all analyses 23 -0.0085 ± 56 0.196 ± 11 7.7 ± 1.5 3.0 2641±5 375 ± 227 0 0.67 0.857 
massive 18 -0.0094 ± 59 0.197 ± 12 7.8 ± 1.5 2.8 2642 ± 6 412 ± 236 0 0.72 0.771 
zoned 5 -0.0030 ± 2160.172 ± 42 6.8 ± 8.0 0.7 2637 ± 28 -153 ± 1130 0 0.54 0.584 
83551 
all analyses 30 -0.0319 ± 11 0.242 ± 3 13.1 ± 0.5 -3.4 2649 ± 15 1144 ± 30 7 4.94 0.000 
without 3 outliers 2 7 -0.0146 ± 26 0.205 ± 5 12.4 ± 0.5 -0.8 2617 ± 13 620 ± 94 1 0.86 0.656 
without 15.2 26 -0.0140 ± 26 0.203 ± 5 12.7 ± 0.5 -1.3 2602 ± 14 601 ± 98 0 0.48 0.984 
238/206* < 2.2 22 -0.0222 ± 1550.220 ± 31 12.3 ± 0.8 -0.9 2606 ± 16 886 ± 498 0 0.43 0.985 
204/206 < 0.001 9 -0.0011 ± 1830.180 ± 36 4.4 ± 8.7 0.9 2670 ± 50 -53 ± 893 0 0.27 0.952 
Best-fit plane parameters for post-folding granitoid samples 83407 and 83551 (for data see tables 2.7 & 
2.9). In each case for sample 83407 the data from outlier analysis 18.1 have been excluded from the data 
pool. For sample 83551 all calculations except for the first row have excluded the data from the four 
outlier analyses 18.1, 19.1 and 20.1. The final three lines exclude analysis 15.2 also. All errors are lcr. 
* = corrected for non-radiogenic components. See the footnotes for table 2.3 for further explanation. 
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SAMPLE 83551 (suite II): This syenogranite was collected from an 
outcrop located at 29°12'S; l16°15'E (figure 2.1). The rock is composed of K-
feldspar, quartz, plagioclase, partially chloritized biotite with minor amounts of 
hornblende, apatite, zircon and fluorite; it shows signs of deuteric alteration. Twenty-six 
zircons from this sample were analyzed by ion microprobe. This population contain two 
zircon types: 
CLEAR -- transparent, colorless to pale brown, euhedral zircon which is either 
massive or shows weak euhedral zoning; contains many inclusions of opaque 
and silicate minerals up to 20 µm in size 
DARK -- opaque to very dark red colored in transmitted light; generally overgrown by 
clear zircon; often retains euhedral crystal faces (this material is probably 
metamict). 
Clear zircon is the dominant component within this population. 
A pool of all 30 analyses from 83551 (table 2.9, figure 2.5) does not 
represent a single population (table 2.8). The concordia diagram for these 
measurements (figure 2.5) indicates that three analyses can be eliminated from the data 
pool: analysis 18.1 is inferred to be a xenocryst; analyses 19.1and20.1 are discordant 
analyses from dark zircon with unusually low radiogenic 207pbf206pb ratios. The data 
for the remaining 27 analyses defines a plane with a MSWD of 0.86 corresponding to a 
high probabilitiy of fit of 0.656. However, one analysis (15.2) retains a relatively large 
weighted 207pbf206pb residual +3.1, implying that it is a xenocrystic component. 
Removing this fourth analysis from the data pool produces a best-fit plane with concordia 
intercept ages of 2602 ± 14 and 601 ± 98 Ma (lcr) and a very low MSWD of 0.48 
corresponding to a probability of fit of 0.984. The t1 age of 2602 Ma is interpreted as the 
crystallization age of this sample; the t2 age of 601 Ma may reflect a real geological event 
or it could be an artifact related to the small number of discordant analyses. By 
eliminating the five least concordant analyses a best-fit plane with concordia intercept ages 
of 2606 ± 16 and 886 ± 498 Ma is obtained (table 2.8). By eliminating the relatively 
204pb rich analyses (204Pbf206Pb > 0.001) from this same data pool, a best-fit plane with 
a t1 age of 2670 ± 50 Ma is obtained, which is equivalent at the 2cr level to the assigned 
emplacement age of the sample. 
Chapter 2: Zircon Ages from the Murchison Province 
48 
Table 2.9 
Data from Sample 83551 (Post-Folding Granitoid Suite II) 
grain. measured ..JF measured ..jp u % % radiogenic age 
spot 238uf206pb 207pbf206Pb 7 /6 204pb/206pb 4/6 (wt.%) com. cone. 238/206 207 /206 (Ma) 
83551 clear zircons 
Ll 1.36 ± 3 0.415 ± 8 5.7 O.D175 ± 7 2.3 0.019 24.2 99 1.80 0.206 2873 ± 140 
Ll 1.86 ± 4 0.183 ± 2 1.8 0.0006 ± 2 2.1 0.023 0.8 107 1.88 0.176 2611 ± 39 
Ll 1.90 ± 4 0.190 ± 5 2.1 0.0012 ± 4 1.7 0.005 1.7 104 1.93 0.175 2605 ± 81 
2...1 1.97 ± 4 0.184 ± 3 2.0 0.0010 ± 3 1.9 0.015 1.3 102 1.99 0.173 2583 ± 51 
ll 1.91 ± 4 0.185 ± 4 2.4 0.0005 ± 3 2.9 0.021 0.7 103 1.92 0.179 2642 ± 51 
u 2.01 ± 5 0.184 ± 6 2.6 0.0007 ± 5 2.7 0.007 1.0 99 2.03 0.175 2609 ± 89 
l...l 2.19 ± 5 0.197 ± 2 1.3 0.0020 ± 5 2.8 0.025 2.8 90 2.26 0.172 2575 ± 80 
u 2.04 ± 4 0.185 ± 3 1.8 0.0006 ± 2 2.3 0.013 0.8 96 2.06 0.178 2634 ± 43 
1...1 1.96 ± 4 0.184 ± 2 1. 7 0.0005 ± 2 1.7 0.018 0.7 100 1.98 0.178 2634 ± 37 
.8..:.1 2.08 ± 4 0.196 ± 4 2.2 0.0017 ± 2 0.5 0.011 2.3 94 2.12 0.175 2605 ± 51 
2....1 2.28 ± 5 0.247 ± 5 1.8 0.0067 ± 5 0.7 0.008 9.3 85 2.51 0.163 2484 ± 108 
9.2 1.88 ± 5 0.205 ± 10 3.0 0.0028 ± 8 1.7 0.004 3.9 105 1.96 0.169 2552 ± 158 
10.1 2.00 ± 4 0.184 ± 2 1.6 0.0006 ± 2 2.0 0.016 0.9 99 2.02 0.176 2620 ± 37 
ll...l 1.97 ± 4 0.189 ± 4 2.1 0.0010 ± 3 1.9 0.015 1.4 100 2.00 0.177 2621 ± 56 
12.1 1.84 ± 4 0.194 ± 6 2.2 0.0012 ± 4 1.6 0.008 1.6 105 1.87 0.179 2648 ± 81 
13.1 2.07 ± 4 0.186 ± 2 2.1 0.0010 ± 2 2.0 0.05 1.4 96 2.10 0.173 2590 ± 32 
li.l 1.87 ± 4 0.192 ± 5 2.1 0.0008 ± 4 1.8 0.011 1.2 103 1.89 0.181 2665 ± 71 
15.1 2.04 ± 4 0.186 ± 6 4.1 0.0006 ± 2 2.0 0.022 0.8 96 2.05 0.178 2638 ± 61 
15.2 1.91 ± 4 0.189 ± 2 1.2 0.0001 ± 2 >20. 0.014 0.0 99 1.91 0.189 2732 ± 35 
li...l 1.95 ± 4 0.199 ± 2 1.1 0.0017 ± 2 0.9 0.015 2.4 99 2.00 0.177 2630 ± 34 
17 .1 1.93 ± 4 0.208 ± 3 1.5 0.0028 ± 3 0.9 0.013 3.9 101 2.00 0.173 2589 ± 73 
18.1 1.60 ± 3 0.226 ± 2 1.4 0.0010 ± 1 1.6 0.04 1.4 106 1.63 0.214 2937 ± 20 
ll..l 2.91 ± 6 0.186 ± 2 2.4 0.0020 ± 2 1.6 0.13 2.7 72 2.99 0.160 2461±32 
23.1 1.92 ± 5 0.222 ± 3 1.0 0.0047 ± 5 0.5 0.007 6.5 103 2.06 0.163 2490 ± 87 
24.1 3.32 ± 7 0.252 ± 4 2.6 0.0070 ± 3 1.1 0.06 9.8 57 3.68 0.164 2498 ± 72 
.2ll 1.75 ± 4 0.259 ± 4 1.2 0.0061 ± 5 0.6 0.009 8.4 101 1.92 0.185 2697 ± 85 
26.1 1.90 ± 4 0.207 ± 4 2.0 0.0023 ± 3 1.3 0.014 3.2 101 1.96 0.178 2639 ± 66 
83551 dark zircon 
19.1 3.65 ± 7 0.128 ± 1 1.1 0.0010 ± 1 1.2 0.23 1.4 80 3.70 0.115 1876 ± 18 
20.1 4.43 ± 9 0.153 ± 2 6.3 0.0028 ± 2 3.1 0.9 3.9 64 4.61 0.115 1887 ± 51 
2..L.l 1.96 ± 4 0.196 ± 2 1.2 0.0019 ± 2 0.9 0.016 2.6 101 2.01 0.173 2584 ± 35 
Ion microprobe data from sample 83551. The% common 206pb, % concordant, radiogenic isotopic 
ratios and the radiogenic 207pbf206pb ages have been calculated usinfi using the observed 204pb content 
and a common Pb composition of 204pbf206pb = 0.07218 and 20 Pbf206pb = 1.0700 equivalent to 
Cumming and Richards's (1975) model 3 common Pb for 2.6 Ga. See footnotes for table 2.2 for 
further explanation. 
2.10 Synvolcanic Plutonism 
One pluton previously assigned to the post-folding granitoid suite I group 
(Watkins and Hickman, 1990) was sampled as part of this study. The two samples 
collected (PFG-1and87-322) gave unexpectedly old ages, prompting a reexamination of 
field relationships. This low-Mg tonalite is here interpreted, at least in part, as a 
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synvolcanic pluton which has chemical and Sm-Nd isotopic affinities with the adjacent 
Mount Farmer Group dacite and andesite volcanic rocks of the Woolgra Formation 
(Watkins and Hickman, 1990). 
SAMPLE PFG-1: This sample of medium grained, massive tonalite was 
collected from the Norie pluton at 26°51 'S; 118°21 'E (figure 2.1). The sample is 
composed of quartz, altered plagioclase with minor amounts of hornblende, K-feldspar, 
zircon and epidote. Both the mineralogy and texture of this sample are magmatic in 
origin. Eighteen zircons from this sample were analyzed by ion microprobe. The zircons 
in this population may be classified into two categories: 
MASSIVE -- transparent, equant, dark yellow material which is frequently rounded; 
rarely forms independent grains 
WEAKLY STRUCTURED -- pale yellow, irregularly structured zircon; forms either 
as a thin overgrowth on massive interiors or, less frequently, as independent 
grains. 
Within individual grains the contact between these two types is generally sharp but 
irregular. 
The data from PFG-1 (table 2.10) do not describe a single population; most of 
the data are discordant, showing evidence of ancient Pb-loss (figure 2.6). The 12 
analyses of massive zircon do not form a plane, but by removing the two analyses with 
lowest radiogenic 207Pb/2°6Pb (11.1 and 18.2) a plane is obtained with t1 equal to 2760 
± 10 Ma (lcr), t2 equal to 15 ± 276 Ma and a MSWD of 0.65 corresponding to a 
probability of fit of 0. 717 (table 2.11). Likewise, the eleven analyses of the weakly 
structured group do not form a plane. By removing analysis 1.2 from the data pool a 
plane with a MSWD of 1.64 is obtained; it gives a t1 and t2 ages of 2782 ± 16 and 1175 ± 
43 Ma, respectively. This t2 age is interpreted as the result of a mid- to Late Proterozoic 
disturbance of this sample. The fact that the outlier analysis 1.2 has a 238Uf206pb 
significantly lower than that predicted by the plane could indicate the presence of a 
second, older Proterozoic event; alternatively, the low 238Uf206pb value could be an 
analytical artifact. It is noted that the t2 ages for the massive (24 ± 235 Ma) and weakly 
structured (1175 ± 43 Ma) zircon types are significantly different, a very unusual result 
considering that the two components belong to the same zircon population. 
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Figure 2.6: Concordia diagram for the data from samples PFG-1 and 87-322. The data have been 
corrected for common Pb using 2.8 Ga old Cumming and Richards's (1975) model 3 Pb (see tables 
2.10 & 2.12). Error ellipses are lcr. The mixed analysis is from data collected on the boundary 
overlapping two zircon types. 
Since both the massive and weakly structured data sets yield identical t1 ages to 
within error at the 2cr level, it seems justified to combine the most concordant data from 
the two sets in order to produce a more precise determination of this sample's 
crystallization age. Combining the 12 analyses with radiogenic 238U/206pb below 2.2 
produces a plane with t1 equal to 2760 ± 8 Ma (lcr) and a MSWD of 0.57 equivalent to a 
probability of fit of 0.824. This age of 27 60 is the crystallization age assigned to sample 
PFG-1. 
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Table 2.10 
Data from Tonalite Sample PFG-1 
grain. mea~urcd -VF measured -VF u % % radio genie age 
spot 23Suf206pb 207pb;206Pb 7 /6 204pb;206pb 4/6 (wt.%) com. cone. 238/206 207 /206 (Ma) 
PFG-1 massive zircon 
Ll 2.07 ± 5 0.196 ± 3 2.1 0.0008 ± 3 1. 7 0.007 1.0 92 2.09 0.186 2711 ± 45 
Ll 2.05 ± 5 0.201 ± 4 2.1 0.0009 ± 3 1.5 0.005 1.3 91 2.07 0.189 2737 ± 52 
.Ll 1.78 ± 4 0.195 ± 4 3.0 0.0004 ± 3 2.4 0.008 0.6 105 1.79 0.190 2741 ± 58 
§_J_ 2.01 ± 4 0.203 ± 2 1.4 0.0012 ± 2 0.9 0.010 1. 7 93 2.04 0.188 2721 ± 28 
Ll 1.81 ± 4 0.194 ± 1 1.3 0.0002 ± 1 2.0 0.034 0.3 103 1.82 0.191 2753 ± 11 
2.J. 1.92 ± 4 0.202 ± 1 1.4 0.0008 ± 1 1.2 0.020 1.0 96 1.95 0.192 2763 ± 17 
10.2 3.27 ± 7 0.293 ± 8 4.8 0.0090 ± 6 1.3 0.014 12.1 52 3.72 0.183 2677 ± 127 
11.1 2.15 ± 5 0.201 ± 2 1. 7 0.0017 ± 2 1.0 0.010 2.3 89 2.20 0.180 2649 ± 37 
12.1 1.80 ± 4 0.198 ± 1 0.8 0.0005 ± 1 0.9 0.011 0.7 103 1.82 0.192 2763 ± 16 
13 .1 2.04 ± 4 0.200 ± 2 1.6 0.0004 ± 2 1.8 0.012 0.6 90 2.05 0.195 2787 ± 30 
14.1 2.78 ± 6 0.208 ± 4 2.8 0.0016 ± 3 1.6 0.013 2.1 66 2.84 0.189 2737 ± 55 
18.2 2.10 ± 5 0.191 ± 1 2.4 0.0015 ± 1 1.5 0.032 2.0 95 2.14 0.172 2582 ± 24 
PFG-1 weakly structured zircon 
1.2 3.30 ± 7 0.131 ± 1 1.7 0.0007 ± 1 1.0 0.08 0.9 83 3.33 0.122 1984 ± 16 
2.1 2.66 ± 5 0.178 ± 1 2.3 0.0010 ± 1 1.5 0.05 1.3 78 2.70 0.166 2517 ± 22 
ll 2.04 ± 4 0.219 ± 3 2.9 0.0022 ± 2 1.5 0.017 3.0 89 2.10 0.192 2763 ± 41 
.1:.2 2.11 ± 4 0.207 ± 2 1.9 0.0015 ± 1 1.2 0.020 2.0 88 2.15 0.189 2737 ± 24 
7.1 2.91 ± 6 0.201 ± 2 2.7 0.0041 ± 1 1.0 0.05 5.5 74 3.08 0.149 2335 ± 32 
10.1 2.94 ± 6 0.324 ± 6 8.0 0.0151 ± 5 2.2 0.092 20.3 72 3.69 0.128 2072 ± 157 
15 .1 2.29 ± 5 0.249 ± 3 4.1 0.0068 ± 2 1.3 0.05 9.2 84 2.52 0.164 2496 ± 54 
16.1 1.81 ± 4 0.462 ± 3 4.2 0.0241 ± 2 1.0 0.07 32.3 80 2.68 0.162 2473 ± 66 
16.2 1.95 ± 5 0.194 ± 1 1.0 0.0001 ± 1 1.3 0.012 0.2 96 1.95 0.192 2761 ± 12 
17 .1 1.80 ± 4 0.206 ± 1 1. 7 0.0012 ± 1 1.2 0.035 1. 7 103 1.82 0.191 2755 ± 12 
18.1 3.12 ± 8 0.150 ± 1 2.1 0.0005 ± 1 1.8 0.06 0.6 75 3.14 0.144 2273 ± 16 
Ion microprobe data from sample PFG-1. The % common 206pb, % concordant, radiogenic isotopic 
ratios and the radiogenic 207pbf206pb ages have been calculated using using the observed 204pb content 
and a common Pb composition of 204pb/206pb = 0.07454 and 207pbf206pb = 1.0908 equivalent to 
Cumming and Richards's (1975) model 3 common Pb for 2.8 Ga. See footnotes for table 2.2 for 
further explanation. 
SAMPLE 87-322: This porphyritic dacite, collected from the same 
outcrop as sample PFG-1 (figure 2.1), is the only non-plutonic rock in this study and is 
interpreted as a large, volcanic xenolith within the surrounding Norie pluton. It contains 
altered plagioclase, quartz, green hornblende, K-feldspar and minor amounts of apatite, 
clinopyroxene, epidote and zircon. Its porphyritic texture has experienced limited 
recrystallization. This sample is interpreted as being from a large xenolith contained 
within the PFG-1 pluton. Twenty-five zircons from this sample were analyzed by ion 
microprobe. This zircon population can be subdivided into three types: 
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INTERIORS -- rounded, pale yellow, weakly structured grain interiors which appear 
lighter than the other zircon types in reflected light 
DARK -- irregularly structured, equant grains with moderately well-developed crystal 
faces (this material is probably metamict) 
PALE -- pale yellow, irregularly structured, transparent, eq1Jant grains. 
These three groups are difficult to distinguish; the dark and pale types do not have sharp 
contacts, they may be slightly different forms of the same material. 
This sample's U-Pb zircon system is complex, giving discordant data with 
significant variations in the radiogenic 207pbf206pb ratios (table 2.12, figure 2.6). 
The 27 ion microprobe analyses from sample 87-322 do not fit a single plane (table 
2.11), the best-fit plane has a MSWD of 2.09. More than three components must be 
present in this U-Pb system. The 13 analyses of dark zircon type yield a well defined 
plane with concordia intercept ages of 2805 ± 18 and - 19 ± 151 Ma (la), with a MSWD 
of 1.03 which is equivalent to a probability of fit of 0.411. Likewise, the 10 
measurements of pale zircon fit a single plane with t1 and t2 ages of 2833 ± 44 and 692 ± 
296 Ma, respectively, with a MSWD of 1.36 which is equivalent to a probability of fit of 
0.218. As was the case for the nearby tonalite sample, two different zircon types from 
the same sample yield two distinctly different t2 ages. Since both the dark and pale zircon 
types yield the same t1 age to within error, it seems justified to pool the most concordant 
sample from both groups in order to obtain a more precise age. The nine analyses (3.1, 
5.1, 6.1, 8.1, 12.1, 16.1, 17.1, 22.1and25.2) with radiogenic 238Uj206pb ratios less 
than 2.2 give a best-fit plane with a t1 age of 2784 ± 22 and with a MSWD of 0.68 
equivalent to a probability of fit of 0.665. This is the emplacement age which is assigned 
to this sample. Taking the eight samples with the lowest 204Pbf206pb ratios yields a best-
fit plane with a t1 age of 2788 ± 32 Ma. 
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Table 2.11 
Best-Fit Plane Parameters for Synvolcanic Samples 
Group N a b c residual tl t2 N>±2cr MSWD prob. 
PFG-1 
all analyses 23 -0.0387 ± 14 0.265 ± 3 11.2 ± 0.2 -0.9 2766 ± 10 1234 ± 30 6 5.74 0.000 
massive 12 -0.0005 ± 54 0.194 ± 10 6.9 ± 1.4 3.4 2764 ± 8 24 ± 235 3 7.07 0.000 
w/o 11.l & 18.2 10 -0.0004 ± 63 0.193 ± 11 10.9 ± 1.7 0.6 2760 ± 10 15 ± 276 0 0.65 0.717 
structured 11 -0.0430 ± 18 0.276 ± 5 11.0 ± 0.2 -0.6 2796 ± 18 1309 ± 33 3 3.28 0.001 
structured w/o 1.2 10 -0.0367 ± 20 0.263 ± 5 11.0 ± 0.2 0.6 2782 ± 16 1175 ± 43 0 1.64 0.120 
238/206* < 2.2 12 -0.0025 ± 55 0.197 ± 10 11.2 ± 1.1 0.7 2760 ± 8 106 ± 233 0 0.57 0.824 
87-322 
all analyses 27 -0.0006 ± 31 0.199 ± 7 12.3 ± 0.2 -1.3 2806 ± 15 24 ± 132 4 2.09 0.001 
dark 13 0.0004 ± 35 0.196 ± 8 11.9 ± 0.2 0.4 2805 ± 18 -19 ± 151 1 1.03 0.411 
pale 10 -0.0197 ± 99 0.236 ± 19 13.8 ± 0.8 -2.4 2833 ± 44 692 ± 296 l 1.36 0.218 
238/206* < 2.2 9 0.0358 ± 2110.128 ± 40 11.8 ± 1.6 0.6 2784 ± 22 -2590 ± 2688 0 0.68 0.665 
204/206 < 0.003 8 0.0117 ± 3540.174 ± 63 12.6 ± 4.7 -0.0 2788 ± 32 -574 ± 1983 0 1.06 0.383 
Best-fit plane parameters for two samples from the Norie Tonalite (for data see tables 2.10 & 2.12). 
In the final row of sample PFG-1 the outlier analyses 11.1and18.2 have been excluded. All errors are 
1 cr. * = corrected for non-radiogenic components. See the footnotes for table 2.3 for further 
explanation. 
Table 2.12 
Data from Porphyritic Dacite Sample 87-322 
grain. measm:ed .,,Jp measured .,,Jp u % % radjggenk age 
spot 23s0 po6pb 201Pb;206pb 7 /6 204pb;206pb 4/6 (wt.%) com. cone. 238/206 207 /206 (Ma) 
87-322 interior 
13.2 2.05 ± 5 0.343 ± 9 4.8 0.0120 ± 6 1.8 0.012 16.1 75 2.44 0.199 2817 ± 128 
16.1 1.85 ± 4 0.201 ± 3 1.8 0.0008 ± 3 1.8 0.016 1.0 100 1.87 0.191 2755 ± 46 
22.1 1.89 ± 4 0.210 ± 4 2.2 0.0010 ± 3 2.3 0.016 1.4 96 1.92 0.198 2807 ± 51 
87-322 dark zircon 
4.1 2.02 ± 5 0.373 ± 5 2.8 0.0135 ± 4 1.1 0.030 18.1 73 2.46 0.215 2942 ± 73 
u 1.94 ± 5 0.216 ± 3 1.4 0.0010 ± 2 1.5 0.013 1.4 91 1.97 0.204 2855 ± 37 
11.1 3.13 ± 8 0.276 ± 3 1.6 0.0064 ± 2 0.8 0.021 8.5 53 3.42 0.200 2825 ± 37 
12.1 1.92 ± 5 0.214 ± 3 1.7 0.0015 ± 2 1.4 0.009 2.0 94 1.96 0.196 2797 ± 35 
lL.l 1.86 ± 4 0.200 ± 4 2.8 0.0005 ± 3 3.6 0.020 0.7 99 1.87 0.194 2773 ± 50 
18.1 2.14 ± 4 0.229 ± 3 2.0 0.0029 ± 3 1.3 0.016 3.9 83 2.23 0.194 2777 ± 44 
19.1 2.72 ± 6 0.317±7 4.5 0.0099 ± 6 2.0 0.035 13.3 58 3.14 0.198 2809 ± 104 
20.1 2.19 ± 5 0.251 ± 6 2.6 0.0053 ± 4 1.2 0.013 7 .1 81 2.35 0.187 2717 ± 80 
21.1 2.62 ± 5 0.454 ± 2 1.5 0.0217 ± 2 0.8 0.06 29.1 51 3.69 0.192 2763 ± 48 
23.1 3.04 ± 6 0.369 ± 7 4.0 0.0140 ± 5 1.4 0.025 18.7 48 3.74 0.202 2844 ± 104 
24.1 3.16 ± 6 0.335 ± 5 3.2 0.0117 ± 4 1.4 0.037 5.8 50 3.75 0.193 2771 ± 78 
25.1 2.30 ± 5 0.249 ± 6 1.8 0.0051 ± 4 0.9 0.008 6.8 77 2.47 0.188 2725 ± 84 
25.2 2.04 ± 4 0.238 ± 6 2.9 0.0037 ± 3 1.0 0.014 4.9 86 2.15 0.194 2776 ± 65 
(table 2 .12 continued ... ) 
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(table 2.12 continued) 
grain. measured -../F measJ!!:QQ -../F u % % radiogenk age 
spot 23s0 po6rb 201rb;206rb 7 /6 204pb;206pb 4/6 (wt.%) com. cone. 23 8/206 207 /206 (Ma) 
87-322 pale zircon 
1.1 3.02 ± 8 0.432 ± 7 4.7 0.0178 ± 6 2.0 0.05 23.9 42 3.96 0.225 3020 ± 111 
2.1 2.26 ± 6 0.342 ± 6 3.5 0.0099 ± 5 1.5 0.033 13.2 64 2.61 0.227 3033 ± 77 
.lJ. 2.11 ± 5 0.245 ± 4 2.3 0.0030 ± 3 1.5 0.023 4.0 80 2.20 0.211 2910 ± 53 
.Ll 1.86 ± 5 0.252 ± 5 3.2 0.0048 ± 3 1.4 0.026 6.4 93 1.98 0.195 2783 ± 62 
LJ 2.10 ± 6 0.214 ± 4 2.4 0.0014 ± 4 2.0 0.014 1.9 86 2.14 0.197 2800 ± 59 
7 .1 2.41 ± 6 0.377 ± 11 5.2 0.0130 ± 4 1.1 0.040 17.4 57 2.92 0.227 3032 ± 108 
9 .1 2.30 ± 6 0.380 ± 7 5.3 0.0133 ± 3 1.4 0.04 17 .8 60 2.80 0.226 3027 ± 71 
10.1 2.62 ± 7 0.412 ± 8 6.0 0.0165 ± 7 2.5 0.038 22.1 51 3.36 0.220 2983 ± 130 
14.1 2.61 ± 6 0.355 ± 5 4.4 0.0130 ± 4 1. 7 0.039 17.4 58 3.16 0.199 2822 ± 81 
15.1 3.13 ± 8 0.382 ± 3 2.8 0.0152 ± 3 1.2 0.05 20.4 46 3.94 0.200 2829 ± 53 
87-322 mixed analysis 
13.1 2.62 ± 6 0.411 ± 4 3.6 0.0156 ± 4 1.6 0.05 21.0 50 3.32 0.231 3057 ± 62 
Ion microprobe data from sample 87-322. The % common 206Pb, % concordant, radiogenic isotopic 
ratios and the radiogenic 207pbf206pb ages have been calculated using using the observed 204Pb content 
and a common Pb composition of 204pbf206pb = 0.07454 and 207Pb!2°6Pb = 1.0908 equivalent to 
Cumming and Richards's (1975) model 3 common Pb for 2.8 Ga. See footnotes for table 2.2 for 
further explanation. 
2.11 Discussion 
This survey of the zircon ages from key units from throughout the Murchison 
Province granite-greenstone terrain has mostly substantiated Watkins and Hickman's 
(1990) model for the region's crustal evolution (table 2.1). The emplacement age of 
circa 2919 ± 12 Ma (lcr) determined for a sample of pegmatite-banded gneiss requires the 
Luke Creek Group greenstones (the older of the two regional greenstone sequences) to be 
in place prior to this time. The 2919 Ma age also represents an older age limit for the D1 
deformation phase of recumbent folding and thrusting. A younger age limit for both D1 
and the deposition of the Mount Farmer Group greenstones has now been established at 
2704 ± 51 Ma, the older of the two emplacement ages for the recrystallized monzogranite. 
The 2681 ± 6 Ma age obtained for the second sample of recrystallized monzogranite 
represents an older age limit for both the D2 and D3 deformation phases and their 
associated greenschist facies regional metamorphism. The crystallization ages measured 
on two samples of post-folding granitoid suite IT (2641±5 and 2617 ± 14 Ma) provide a 
younger age limit for the termination of both D3 and regional greenschist facies 
metamorphism. 
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A new finding of this study is evidence for synvolcanic plutonism, indicated by 
the 2760 ± 8 Ma (lcr) age obtained from rocks originally assigned to post-folding 
granitoid suite I. PFG-1 was collected from an isolated exposure of the Norie pluton 
(Watkins and Hickman, 1990) near the granitoid's southern margin; the pluton's extent 
was inferred from Bureau of Mineral Resources aeromagnetic data. PFG-1 is 
compositionally similar to nearby dacite and andesite volcanic rocks of the Mount Farmer 
Group which are also only weakly deformed and metamorphosed (Watkins and 
Hickman, 1990). This tonalite pluton has a distinctively low-Mg concentration as 
compared to other tonalites in the regions; only one other pluton, the Reedy pluton 
(Watkins and Hickman, 1990), has similar chemistry and possibly similar origin. It is 
thought that the other tonalite, granodiorite and monzogranite plutons of the region belong 
to the post-folding granitoid suite I and have similar ages to the suite II plutons dated in 
this study. A Sm-Nd mineral-whole rock isochron from dacite and andesite rocks of the 
Mount Farmer Group 12 km east of the PFG-1 locality gave an age of 2818 ± 57 Ma 
(Watkins et al., 1991) which is comparable to the zircon crystallization age reported here. 
The introduction of the 3-dimensional concordia calculation provides some 
significant advantages over the data assessment techniques normally employed for 
defining ion microprobe zircon ages. Calculating a best-fit plane allows a pool of data to 
be tested for outliers without needing to assign a common Pb composition. Using the 
plane-fitting technique also obviates the need to assume that only recent Pb-loss has 
affected the system (using mean 207pbf206pb ages inherently assumes that t2 is equal to 0 
Ma). Though requiring fewer initial assumptions, the best-fit plane approach is still 
unable to define an age for highly complex data sets (i.e. populations containing multiple 
Pb-loss events or xenocrystic components which are not easily discerned), as was the 
case for sample 83339. In a number of samples it was helpful to use grain type or 
geochemical characteristics to define a subset of analyses to which a plane could be fitted. 
In cases where only a small number of measurements are available, the plane-fitting 
approach may yield erroneous results; it is important to check all best-fit planes to assure 
that they give geologically and geochemically reasonable results (examples of 
unreasonable results would include t1 ages vastly divergent from field geology data, t2 
ages significantly in the future, common Pb compositions vastly divergent from 'normal' 
model Pb compositions). 
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Assigning precisions to the ages of individual SHRIMP analyses is not a simple 
task. Error estimates have been previously based on the propagation of ion counting 
errors and on the observed scatter in the U/Pb ratios obtained from interspersed 
measurements of a calibration standard. The approach used here, to assess the internal 
scatter of each individual analysis, shows that ion counting statistics frequently 
underestimates the true error in the Pb/Pb ratios. Of the 246 analyses reported here, 228 
analyses show excess internal scatter in their 207pbf206pb and 185 analyses show excess 
internal scatter in their 204pbf206pb ratio with resect to the errors obtained from ion 
counting statistics alone. The method presented here for calculating the precision of the 
Pb/Pb ratios appears to provide a significant improvement over the ion counting 
approached previously used. Nonetheless, this new approach is limited both by the 
availability of only seven scans on which to define the observed scatter away from the 
radiogenic-common Pb mixing chord and by the necessity to assume a single, 
homogeneous common Pb component in order to define the slope of this chord. 
2.12 Conclusions 
This study has broadly established the following crystallization ages for the 
major granitoid phases of the Murchison Province: 
pegmatite-banded gneiss -- circa 2919 ± 12 Ma (lcr) 
synvolcanic tonalite -- 2760 ± 8 Ma (dacite xenolith -- 2784 ± 22) 
recrystallized monzogranite -- 2704 ± 51 & 2681±6 Ma 
post-folding granitoid (suite II) -- 2641±5 & 2602 ± 14 Ma. 
The age of the post-folding granitoid (suite I) has not been determined. Evidence has 
been found in multiple samples for mid- to Late Proterozoic activity. 
Combining the Wendt 3-dimensional concordia technique with the observed 
precisions in the Pb isotopic ratios has proven a useful means for calculating the t1 and t2 
ages for a zircon population. To avoid incorrectly identifying analyses as outliers during 
the plane-fitting process, it is necessary to use the observed uncertainties for the both 
207Pbj206pb and 204Pb/206pb ratios. The observed scatter in these ratios over seven 
scans of data frequently exceeded the theoretical 'best limit' provided by ion counting 
statistics. 
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2.14 Corrections for Machine Intrinsic Mass Fractionation 
In order to measure high precision isotopic ratios, it is necessary to correct for 
the machine induced mass fractionation which is intrinsic to all mass spectrometer 
analyses. The magnitude of the mass fractionation of SHRIMP's Pb spectrum has been 
variously estimated at <1%0 per mass unit (Compston et al., 1986b), 3 ± 4%o (Compston 
et al., 1986a) and circa 5%o (chapter 1 of this thesis). As the exact magnitude of the 
fractionation has not been determined, SHRIMP data are generally presented with no 
correction having been made for mass fractionation (as is also the case for the data which 
are presented here). 
As part of routine data collection for the seven samples analyzed during this 
study, the SL3 zircon standard was analyzed 86 times. Using the 208pb corrected data 
(Compston et al., 1984), a weighted mean radiogenic 207pbf206pb ratio of 0.05896 ± 
0.00016 (observed lcr of the mean) was obtained. This value is marginally lower than 
SL3's assigned value of 0.05913 (equivalent to 572 Ma), equivalent to a linear mass 
fractionation of 3 ± 3%o per mass unit. The following table gives the crystallization ages, 
both without and with a correction for mass fractionation, for the seven samples reported 
here: 
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Table 2.13 
The Effects of Linear Mass Fractionation of the Pb Isotopic 
Spectrum 
sample 
number 
83339 
83481 
74459 
83407 
83551 
PFG-1 
87-322 
crystallization age 
no correction 
circa 2919 ± 12 
2704 ± 51 
2681±6 
2641±5 
2602± 14 
2760± 8 
2784± 22 
crystallization age 
(with 3 ± 3%o fractionation correction) 
circa 2925 ± 12 
2712 ± 53 
2686 ± 6 
2647 ± 6 
2608 ± 14 
2765 ± 8 
2788 ± 22 
Crystallization ages for seven samples demonstrating the effect of mass fractionation. The correction for 
mass fractionation in the final column includes the propagation of the uncertainty in the magnitude of the 
value. Mass fractionation has been assumed to be linear. The ages for sample 83339 are based on the 
weighted mean 207pbJ206pb ages of the three most concordant analyses; those for the other six samples 
are the ti intercept ages of the best-fit planes. Ages are in Ma. Uncertainties are 10'. 
Though these age results for data uncorrected and corrected for mass fractionation are 
statistically indistinguishable, the systematic error introduced by mass fractionation needs 
to be considered. This would be particularly true if very high precision results are to be 
obtained. This analysis of the effect of mass fractionation is only meant as a guide -- the 
3%o per mass unit value is directly dependent on the 572 Ma age which is assigned to the 
SL3 zircon. 
Overleaf: Photomicrograph taken in cross-polarized light of zircon grain 26 from sample #74459. This 
grain was polished to a thickness of circa 30 µmin order to determine its birefringence. This was done as 
part of the study of the origin of the reverse discordance which SHRIMP detected in this zircon 
population. The 2nd and 3rd order colors presented by much of the crystal indicate that this grain's optical 
thickness is significantly less than 30 µm. A detailed discussion of this zircon population is presented in 
the following chapter. This crystal is approximately 170 µm in length. 
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During the survey of the zircon ages in the Murchison Province a unique sample was 
encountered which gave very reversely discordant data (see previous chapter). This 
discovery led to an extensive study into the origin of this phenomena, the results of which 
are presented here in chapter 3. 
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Ion Microprobe Reverse Discordance in Zircon: An 
Example of an External Radiogenic Pb Component 
with Unusual Sputtering Characteristics 
3.1 Introduction 
Reverse discordance -- defined as radiogenic U/Pb ages that are older than the 
207pbj206pb age -- is only occasionally detected by 'conventional' zircon analyses 
(examples in multi-grain analyses have been reported by Oosthuyzen and Burger, 1973; 
Higgins et al., 1977; Pin and Lancelot, 1982; Mortimer et al., 1988). In such cases, the 
magnitude of the reverse discordance is small; the data fall only slightly off concordia 
which is the locus of concordant 238Uf206pb and 207Pb/206Pb ages. In contrast, reverse 
discordance in zircons is frequently reported in ion microprobe studies (e.g. Williams et 
al., 1984; Black et al., 1986; Compston and Kroner, 1988; Claoue-Long et al., 1988; see 
also chapter 4 of this thesis). Previously, such results have been attributed to fine-scale 
isotopic heterogeneities which only the 30 µm spatial resolution of the ion microprobe is 
capable of identifying (Froude et al., 1983; Compston and Kroner, 1988). 
This chapter investigates the origin of reverse discordance in ion microprobe 
data. An exceptional suite of 204Pb-rich Archean zircons, found to produce extreme 
reverse discordance when measured by ion microprobe (figure 3.1), was further 
studied using isotope dilution thermal ionization mass spectrometry (IDTIMS), electron 
probe, scanning electron microscope and high resolution transmission electron 
microscope (TEM) techniques. 
3.2 Description of Sample #74459 
This sample comes from north of the village of Mt. Magnet near the eastern 
margin of the Murchison Province of Western Australia (sample site coordinates: 27° 
45'S; 117° 53'E). The 100,000 km2 Murchison Province consists of two generations of 
supracrustal rocks and four distinct suites of granitoids with crystallization ages between 
2.92 and 2.60 Ga (see chapter 2 of this thesis). Sample #74459, collected by Dr. Keith 
Watkins of the Geological Survey of Western Australia, is an equigranular, mylonitic, 
monzogranitic gneiss composed of quartz, oligoclase, perthitic K-feldspar, biotite and 
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Figure 3.1: U-Pb and U-Th-Pb concordia diagrams for ion microprobe data corrected for common Pb 
using the observed 204pb and a 2.7 Ga model common Pb composition (Cumming and Richards, 1975; 
model 3 common Pb: 204pbf206pb = 0.07334, 207pbf206pb = 1.0805 and 208pbJ206pb = 2.442). On 
the U-Th-Pb diagram four analyses plot off-scale to the top. The square in the lower left of the upper 
diagram represents the range of data collected on the SL3 calibration standard (see figure 3.4). The 
Wetherill (1956) projection of concordia was used in this figure because it best portrays the extreme 
degree of reverse discordance found in sample #74459 (compare upper diagram with Tera and Wasserburg 
(1974) projection given in figure 2.4). Error polygons are lcr. 
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muscovite with minor amounts of carbonate, apatite, opaques, allanite, chlorite, epidote 
and zircon. Both the K-feldspar and, to a lesser extent, the oligoclase show evidence of 
alteration. This monzogranite is part of a pervasive suite of granitoids which invaded 
much of the Murchison Province during the Late Archean. Soon after emplacement, 
#7 4459 experienced greenschist facies regional metamorphism and intense shearing 
which overprinted the original hypidiomorphic granular texture (K. Watkins, pers. 
comm.). The sampling site is located along a major shear zone contact with the nearby 
Luke Creek Group greenstones. Field mapping and zircon dating constrain the age of 
this deformation to prior to 2641±5 Ma (la) (see chapter 2). 
Zircons were extracted from the <710 µm size fraction of the crushed sample 
using Wilfley gravity concentration, magnetic roller separation and tetrabromoethane (p = 
2.9 g/cm3) dense liquid concentration. Final concentration was made using an 
isodynamic separator; care was taken to retain even the most magnetic zircons. Zircons 
were hand-picked, mounted in a 2.5 cm epoxy disk, sectioned by polishing, 
photographed, cleaned and carbon coated. The zircons which were prepared for ion 
microprobe analysis all appeared dark or opaque in transmitted light, suggesting the 
presence of extensive radiation damage and/or alteration. Based on structure, color and 
morphology, the zircons from sample #74459 have been divided into three categories 
(figure 3.2): 
ZONED INTERIORS -- zoned euhedral, dark brown to pale colored, elongate regions 
with generally well-developed pyramidal terminations. Zoned interiors may 
show distinct internal growth discontinuities and are sometimes embayed, a 
feature possibly indicative of chemical resorption (examples of this zircon type 
are analyses 2.1, 2.2, 2.3, 18.1, 18.4, 18.5, 18.7 and 18.8) 
MASSIVE INTERIORS -- transparent regions showing no apparent zoning. These 
regions are frequently adjacent to zoned grain interiors, and the boundaries 
between the massive and zoned zircon types may be either sharp or gradational 
(analyses 28.1, 28.4 and 28.5). Numerous regions exist where massive zircon 
appears to be the product of the recrystallization of areas which were originally 
zoned (see below) 
MARGINS -- strongly zoned material, typically appears yellow in transmitted light 
and has a distinctive off-white appearance in reflected light, forms overgrowths 
of variable thickness around the other types of zircon (analyses 2.4, 18.2, 18.3, 
18.6, 28.2 and 28.3). 
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A diagnostic feature of the zoned margins is the presence of radial cracks (e.g. grain 2). 
Chakoumakos et al. (1987) found that such cracks in zircon signal material which has not 
undergone a complete transition to the metamict state. By analogy with the appearance 
and grain morphology of other zircons previously studied by SHRIMP, no reason existed 
to predict that the zircons from #74459 would behave unusually when analyzed by ion 
microprobe; neither large inclusions nor unusual internal grain structures are visible with 
the optical microscope. 
Backscattered electron images (figures 3.2 & 3.3) reveal important 
information about the history of this sample. Zoned interior zircon have a variety of 
manifestations. Grain 2 clearly shows the presence of different types of zonation, 
including apparent post-crystallization resorption at the center of the grain. Grains 4, 8, 
17 and 18 contain truncated growth zones which were annealed to become massive 
zircon; this is the sort of feature which Pidgeon (1992) has attributed to recrystallization 
and trace element expulsion. Though sometimes the massive zircon appear to be a 
product of the recrystallization of the zoned interiors, other examples of massive zircon 
appears to be totally dissociated from zoned interiors (grain 3). In the backscattered 
electron images margin-type zircon appears as distinct overgrowths on nearly every 
zircon in the population. In general, the interiors on which the zoned margins formed 
retain their crystallographic faces, implying that no intervening period of resorption or 
corrosion took place. However, some grains do have rounded (grain 28) and embayed 
interiors (grains 4, 14 and 17) suggesting that limited corrosion occurred on a very fine 
scale prior to the formation of the margin-type zircon. The euhedral zoning in the grain 
margins show no sign of post-crystallization modification -- implying that the 
recrystallization of the zoned interiors took place prior to the crystallization of the 
marginal overgrowths. Ion microprobe data (see below) are consistent with all observed 
zircon types being of identical age. The exterior surfaces of the zircons universally show 
well-developed crystal faces, implying the absence of post-formation corrosion. 
Figure 3.2 (overleaf): Backscattered electron photomicrographs of three zircons from sample #74459. 
The circled numbers indicate the locations of the corresponding ion microprobe analyses (the diameters of 
circles are approximately equal to 30 µm). On the right are two energy dispersive spectra from each grain 
(the X-ray emission peaks are labeled at the top). The spectra were obtained on 12 x 12 µm areas on the 
left margins and centers of each grain. 
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3.3 Ion Microprobe U/Pb Analyses 
Ion microprobe analyses were conducted on #74459 on three different days 
(February 1987, May 1988 and February 1990). An unfiltered 10 keV negative oxygen 
beam was used to sputter material from selected circa 30 µm diameter areas. The 
positively charged secondary ions were accelerated to 9 keV; the resulting ion beam was 
focussed for both mass and initial energy spread. Data collection involved ion counting 
with a single electron multiplier operated in pulse counting mode used in a nine 
component peak stepping sequence (table 1.1). For each analysis, seven cycles of the 
peak stepping sequence were made, requiring circa 25 minutes during which the 
approximately circular sputtering pit would penetrate to a typical depth of 2 µm. More 
detailed descriptions of the U-Th-Pb analytical technique are given elsewhere (Compston 
et al., 1984; Williams and Claesson, 1987; see also chapter 1). 
The SHRIMP technique determines the 206Pbj238U ratio by comparison with a 
standard of known composition. All ion microprobe zircon analyses presented in this 
chapter were calibrated using the SL3 zircon. It has not been possible to establish directly 
the age for SL3, despite repeated IDTIMS analyses of fragments of this megacryst. A 
total of six IDTIMS U/Pb analyses were conducted on SL3 between 1981 and 1988 
(unpublished data measured by L. Black, J.J Foster and R. Page -- see appendix A). 
These data, representing fragments with masses between 6.3 mg and 0.8 mg, scatter 
greatly both in their radiogenic 206pbj238U ratios (between 0.08355 ± 17 and 0.09164 ± 
19 (la)) and radiogenic 207pbf206pb ratios (between 0.05837 ± 3 and 0.05885 ± 3) 
(figure 3.4). Because of its inhomogeneous character, the SL3 zircon has now been 
abandoned as a calibration standard for U/Pb measurements. Recent work by McLaren 
et al. (in prep.) indicates that the SL3 zircon is composed of between 92 and 98 volume 
percent amorphous component. 
Figure 3.3 (overleaf): Backscattered electron images of six grains which were analyzed 
conventionally. The circles represent the location and approximate dimensions of the 30 µm sputtering 
craters produced by the ion microprobe. The numbers refer to the analysis numbers given in tables 
3.2, 3.3 & 3.5. 
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Figure 3.4: Concordia diagram for 20 SHRIMP analyses (open polygons) of the SL3 standard 
conducted as part of normal data acquisition on #74459 during three days between 1987 and 1990. The 
mean 238uf206pb age for a given day's analysis of the standard is defined as equal to 572 Ma, against 
which the U/Pb ratios of the individual measurements were calibrated. The radiogenic values were 
obtained using the observed 204pb content and a common Pb composition equivalent to Broken Hill ore 
Pb 204pbf206pb = 0.06250 and 207pb/206pb = 0.9618. Filled polygons, highlighted by circles, give 
the data from six IDTIMS analyses of fragments from SL3. Error polygons are lcr, which in the case of 
the ion microprobe data are based only on Poisson ion counting statistics. The precision of U/Pb 
determination for SHRIMP measurements is defined by the scatter observed in repeat measurements of the 
standard zircon. Concordia reference curve (inset, upper left) is meant to emphasize that the amount of 
scatter in the standard data are much less than the range in U/Pb values determined by the ion microprobe 
for sample #74459 (see figure 3.1). 
A total of 20 ion microprobe analyses of the SL3 zircon standard were conducted 
during the three data acquisition sessions for #74459 (figure 3.4). The observed scatter 
in their 206pbf238U defines the stability of the U/Pb discrimination during a given 
analytical session. This, in turn, directly defines the precision of the U/Pb ratios of the 
unknowns. During the three session devoted to the #74459 zircons, the scatter in the 
SL3 U/Pb ranged between 1.3% and 3.9%. The analytical precisions for the U/Pb 
analyses conducted on #74459 have therefore been assigned at between 2.0% (the long-
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term stability of the ion microprobe, see also chapter 4 of this thesis) and 3.9%. This 
relatively high degree of reproducibility of the SL3 U/Pb ratios clearly indicates that the 
reverse discordance found in the #74459 zircons cannot be the result of unrecognized 
sources of random error. 
3.4 Electron Probe Analyses 
Chemical analyses of zircons from #74459 were made with a Cameca Camebax 
electron probe using both energy dispersive and wavelength dispersive modes (analyses 
and data assessment by N.G. Ware). Energy dispersive analyses were conducted to 
characterize qualitatively the chemical composition of three grains previously analyzed by 
ion microprobe (figure 3.2). These data show a consistent and striking difference 
between the grain interiors and their marginal overgrowths: grain interiors, both zoned 
and massive, show only low trace elements concentrations, whereas the grain margins are 
highly enriched in trace elements such as Al, Ca, Ti, Fe and REE. The same distinct 
pattern was found in each of the three zircons analyzed. This distinctive pattern of grain 
margins with elevated trace element abundances is consistent with Silver and Deutsch's 
(1963) model of late crystallization from a magma enriched in incompatible elements. 
Two wavelength dispersive analyses were conducted adjacent to each crater 
produced during the first two ion microprobe sessions (analytical details given in table 
3.1). To avoid the effects of fine scale inhomogeneities, the electron beam was rastered 
over a 5 x 5 µm area (equivalent to circa 3 x 10-10 g of zircon assuming a 3 µm depth of 
penetration). The results from the two analyses were then averaged. For a small number 
of the sputtering craters, the totals from the two electron probe analyses were widely 
discrepant (>5%), in which case a third analysis was run nearby and was included in the 
final average. All analyses were conducted in the same morphological region as their 
associated ion microprobe analysis. Care was also taken to conduct all electron probe 
analyses at least 5 µm from the edge of the sputtering craters, thus avoiding areas which 
were chemically modified by ion bombardment. 
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Table 3.1 
Wavelength Dispersive Analytical Parameters 
Element Emission Counting Spectrometer Position Background Standard 
Line time (s) (crystal) (sin~) Displacement Material 
'ZI La 20 TAP 0.23649 ± 0.00500 Synthetic Zr02 
Hf La 30 LIP 0.38991 ± 0.00350 Hf Metal 
Si Ka 20 TAP 0.27750 ± 0.00500 Synthetic CaSi03 
u Ma 60 PET 0.44673 ± 0.00400 Synthetic U02 
Th Ma 60 PET 0.47286 ± 0.00400 Synthetic Th02 
Pb La 30 LIP 0.29234 ± 0.00350 PbS 
p Ka 60 TAP 0.23982 + 0.00500 Synthetic Ca2P207 
Ti Ka 30 PET 0.31407 ± 0.00400 Synthetic Ti02 
Fe Ka 30 LIP 0.48090 ± 0.00350 Fe metal 
Ce La 60 PET 0.29287 ± 0.00400 Synthetic Ce02 
La La 60 PET 0.30471 ± 0.00400 Synthetic LaP04 
y La 50 TAP 0.27123 - 0.00500 Synthetic Y203 
Yb La 60 LIP 0.41521 ± 0.00400 Synthetic YbP04 
List of the data collection parameters used during wavelength dispersive electron probe analysis. Count 
time represents the total integration time for the peak. The total time spent measuring the background 
position(s) was identical. Matrix corrections were made using the ZAP method (Analyst: N.G. Ware). 
3.5 IDTIMS U/Pb Analyses 
From the 27 zircons analyzed during the first two ion microprobe sessions, six 
grains were chosen based on their comparatively low 204pb contents and relatively clear 
internal appearance (figure 3.3). Originally each of these six grains had been analyzed 
only once by ion microprobe. Therefore, an additional three or four ion microprobe 
analyses were conducted on each grain. The six 'half grains were plucked from the 
polished epoxy mount, individually weighed using a microbalance and then transferred to 
individual PFA dissolution vials. The grains were acid washed once with 7 N HN03 
(150"C), then twice with concentrated HN03 (120"C). The concentrated HN03 was 
drained and discarded, the vial filled briefly with HF (cold) then quickly drained leaving a 
small amount of HF to effect the dissolution. The zircons were volumetrically spiked 
with a mixed 205pb_235U tracer and then dissolved with HF!HN03 in a Krogh (1978) 
style vessel at circa 190"C for two days. 
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Following dissolution and cooling, approximately 200 µl of 6 N HCl and 2 
drops of H3P04 were added to each vial, which was then evaporated to dryness. The 
total, unextracted samples were loaded with silica gel and H3P04 onto single rhenium 
filaments; Pb and U were analyzed from the one load. The samples were measured using 
a Finnigan MAT 261 mass spectrometer operated in static multicollection mode; the 
204pbf206pb ratios were determined using an electron multiplier in combination with the 
Faraday cups. The Pb isotopic data were corrected for a 1.2 ± 0.2So/oo (lo) per mass unit 
linear mass fractionation, equivalent to that observed on repeated runs of the NBS 981 
and 982 standards. Concomitantly measured blank levels for the procedure were circa 16 
pg total Pb and 0.3 pg total U. Error propagation and error correlations for the radiogenic 
Pb ratios were calculated following Ludwig (1980). 
After having analyzed six grains (grains 3, 4, 8, 9, 14 and 17), concern arose as 
to whether the acid washing procedure might have removed significant amounts of Pb or 
U. In order to test this possibility, six additional zircons (grains 5, 6, 11, 12, 19 and 21) 
were analyzed as above, but with modified washing procedures. Three grains (5, 6 and 
12) were washed in acid as before, but the acid leachates from each were collected, dried, 
spiked and analyzed for both their Pb and U contents. The other three grains (11, 19 and 
21) were only washed briefly in acetone three times (cold) and then three times in distilled 
water (cold). 
3.6 Results: Ion Microprobe 
The isotopic ratios measured by ion microprobe are given in table 3.2. The 
crystallization age of the sample was calculated using Wendt's (1984; 1989) 3-
dimensional concordia method which determines the t1 (upper) and t2 (lower) concordia 
intercept ages of the population without the need to assume a specific common Pb 
isotopic ratio. This technique, a modification of an approach originally proposed by 
Levchenkov and Shukolykov (1970) and Neymark and Levchenkov (1979), determines a 
best-fit plane to the measured isotopic ratios X = 238Uj206pb, Y = 207Pbf206pb, z = 
204pbj206pb. During plane-fitting, only four of the 64 analyses were identified as 
outliers (table 3.3). Analysis 19.1 gave a concordant age significantly older than the 
rest of the population; it is interpreted as a xenocryst which formed circa 150 Ma before 
the emplacement of the monzogranite magma. Three other outliers, 5.1, 9.4 and 9.5, 
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gave measured 207pbj206pb values below the best-fit plane; they are interpreted as 
reflecting Pb-loss during an event prior to t2. The weighted residuals for the remaining 
60 analyses are all equal to or less than± 2.5; the best-fit plane to this group of data gives 
a t1 intercept age of 2681 ± 6 Ma (1 a) and a t2 intercept age of -48 ± 53 Ma with a 
MSWD = 1.23 equivalent to a X2 probability of fit of 0.114 (see lower half of table 
2.5). The 2681 Ma age is interpreted as the age of the emplacement and crystallization of 
the parent monzogranite. The t2 age is interpreted as representing Pb-loss at circa 0 Ma. 
These data, along with the traces of the Wendt plane are plotted in figure 3.Sa. After 
correcting for the non-radiogenic Pb component, these same 60 analyses (table 3.3) 
give a weighted mean radiogenic 207pb/206pb age of 2673 ± 4 Ma, which is 
indistinguishable from the best-fit plane's t 1 age of 2681 at the 2cr level. 
Table 3.2 
Ion Micro probe Measured Zircon Data 
Grain Type 23supo6pb 207pb;206pb 204pb;206pb 208pb;206pb 208pb;232Th uo+fU+ Zr20 
1.1 zoned 1.737 ± 68 0.2278 ± 23 0.00373 ± 26 0.2357 ± 8 1.094 ± 44 7.64 1.13 
2.1 zoned 0.609 ± 24 0.4199 ± 9 0.01957 ± 8 1.0924 ± 8 8.961 ± 353 8.72 0.81 
2.2 zoned 1.339 ± 52 0.3370 ± 58 0.01319 ± 47 0.7567 ± 12 6.601 ± 263 7.54 0.99 
2.3 zoned 0.905 ± 35 0.3725 ± 14 0.01551 ± 11 0.8876 ± 10 3.196 ± 126 8.61 0.99 
2.4 margin 0.553 ± 22 0.4321 ± 18 0.02023 ± 9 1.1397 ± 5 3.675 ± 144 10.32 0.52 
3.1 massive 1.921 ± 76 0.1904 ± 24 0.00073 ± 19 0.3121 ± 26 0.157 ± 6 7.49 0.99 
3.2 massive 1.762 ± 37 0.2465 ± 32 0.00532 ± 26 0.4810 ± 25 0.326 ± 7 5.65 1.04 
3.3 massive 1.400 ± 30 0.3143 ± 35 0.01127 ± 29 0.7212 ± 30 0.690 ± 16 7.72 0.98 
3.4 margin 0.644 ± 13 0.4303 ± 28 0.02011 ± 9 1.1322 ± 7 3.910 ± 79 8.47 0.50* 
4.1 massive 1.876 ± 74 0.1990 ± 16 0.00115 ± 13 0.2290 ± 13 0.208 ± 8 7 .18 1.07 
4.2 massive 1.830 ± 37 0.2188 ± 19 0.00345 ± 16 0.2970 ± 13 0.290 ± 6 7.38 1.03 
4.3 massive 1.743 ± 36 0.2155 ± 22 0.00307 ± 16 0.3062 ± 16 0.253 ± 6 7.30 0.97 
4.4 margin 0.909 ± 18 0.4168 ± 20 0.01937 ± 7 1.0526 ± 8 5.389 ± 110 9.31 0.53* 
4.5 massive 2.492 ± 50 0.2230 ± 17 0.00359 ± 14 0.3137 ± 15 0.280 ± 6 7.22 1.03 
5.1 zoned 0.772 ± 30 0.3373 ± 9 0.01362 ± 7 0.9665 ± 7 0.323 ± 13 9.45 0.92 
6.1 zoned 1.155 ± 45 0.3731 ± 33 0.01609 ± 16 0.9103 ± 11 1.070 ± 42 7.86 0.93 
7 .1 zoned 1.944 ± 76 0.1863 ± 8 0.00012 ± 6 0.2076 ± 8 0.148 ± 6 6.98 1.08 
8.1 zoned 0.920 ± 36 0.3298 ± 13 0.01206 ± 16 0.7489 ± 16 1.165 ± 46 7.70 1.01 
8.2 zoned 0.850 ± 17 0.3834 ± 28 0.01684 ± 14 0.9534 ± 15 1.761 ± 37 8.03 1.05 
8.3 zoned 0.985 ± 20 0.3657 ± 20 0.01527 ± 16 0.8985 ± 13 1.253 ± 26 7.89 0.94 
8.4 margin 0.949 ± 19 0.4321 ± 23 0.02059 ± 11 1.1420 ± 10 3.690 ± 75 8.46 0.33* 
9.1 zoned 0.924 ± 36 0.3943 ± 10 O.Ql 748 ± 9 0.9923 ± 10 1.915 ± 75 8.20 1.07 
9.2 zoned 0.844 ± 17 0.4189 ± 22 0.01963 ± 16 1.0842 ± 11 1.833 ± 37 8.65 0.86 
9.3 zoned 0.935 ± 19 0.4033 ± 30 0.01830 ± 10 1.0293 ± 11 1.989 ± 40 7.78 0.90 
9.4 massive 2.071 ± 42 0.1883 ± 5 0.00087 ± 5 0.1788 ± 7 0.151 ± 3 7.63 0.98 
9.5 zoned 2.118 ± 43 0.2242 ± 12 0.00435 ± 10 0.3535 ± 10 0.294 ± 6 6.66 0.98 
(table 3 .2 continued ... ) 
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(table 3.2 continued) 
Grain Type 23s0 po6pb 207pb/206pb 204pbf206pb 208pbf206pb 208pbf232Th uo+tu+ Zrp 
10.1 zoned 1.236 ± 48 0.3917 ± 16 0.01736 ± 14 1.0319 ± 14 0.973 ± 38 8.60 1.03 
11.1 zoned 1.165 ± 46 0.3813 ± 10 0.01627 ± 13 0.8989 ± 14 2.049 ± 81 8.06 0.93 
12.1 massive 2.250 ± 88 0.2743 ± 20 0.00727 ± 17 0.5922 ± 18 0.206 ± 8 9 .11 1.00 
12.2 margin 1.595 ± 62 0.4138 ± 19 0.01891 ± 16 1.0487 ± 11 3.390 ± 133 7 .45 0.39 
13 .1 zoned 2.092 ± 82 0.2172 ± 18 0.00332 ± 15 0.2401 ± 9 0.335 ± 13 7.29 1.06 
14.1 zoned 3.041 ± 119 0.2651 ± 17 0.00605 ± 18 0.4363 ± 18 0.225 ± 9 8.39 1.11 
14.2 zoned 1.344 ± 27 0.4023 ± 25 0.01833 ± 11 0.9951 ± 11 4.610 ± 95 8 .11 0.89 
14.3 massive 2.321 ± 48 0.2573 ± 24 0.00586 ± 21 0.4364 ± 22 0.430 ± 10 7.24 0.99 
14.4 margin 1.098 ± 22 0.4144 ± 8 0.01896 ± 8 1.0363 ± 8 3.521 ± 72 8.74 0.51 * 
15. l massive 1.729 ± 68 0.3339 ± 33 0.01276 ± 27 0.7429 ± 21 0.926 ± 37 6.77 0.84 
16.1 massive 1.727 ± 68 0.2446 ± 46 0.00570 ± 37 0.4024 ± 26 0.260±11 7.48 1.03 
17 .1 massive 1.000 ± 39 0.3780 ± 40 0.01606 ± 22 0.9079 ± 13 1.726 ± 68 8.50 1.08 
17.2 zoned 0.707 ± 14 0.3608 ± 18 0.01463 ± 13 0.8319 ± 11 2.048 ± 42 8.08 0.99 
17 .3 massive 1.602 ± 33 0.2599 ± 19 0.00679 ± 23 0.4727 ± 24 0.348 ± 8 6.95 0.93 
1 7.4 zoned 1.405 ± 28 0.3270 ± 27 0.01202 ± 15 0.7003 ± 15 1.189 ± 25 6.74 0.96 
18. l zoned 1.764 ± 70 0.3255 ± 31 0.01140 ± 28 0.7323 ± 29 0.434 ± 18 8.62 0.56 
18.2 margin 0.692 ± 27 0.4232 ± 12 0.01972 ± 10 1.1151 ± 5 5.178 ± 203 10.61 0.49 
18.3 margin 0.855 ± 25 0.4193 ± 21 0.01921 ± 17 1.0935 ± 6 2.800 ± 82 9.05 0.48* 
18.4 zoned 1.152 ± 34 0.3646 ± 30 0.01492 ± 18 0.8825 ± 14 1.098 ± 32 7.98 0.88 
18.5 zoned 2.030 ± 60 0.2309 ± 20 0.00382 ± 18 0.4181 ± 13 0.208 ± 6 7.66 0.91 
18.6 margin 1.091 ± 32 0.4256 ± 11 0.01971 ± 9 1.1124 ± 5 2.878 ± 84 10.43 0.66* 
18.7 zoned 1.899 ± 56 0.2678 ± 39 0.00725 ± 26 0.5342 ± 19 0.277 ± 8 7.75 1.13 
18 .8 zoned 1.212 ± 36 0.3460 ± 25 0.01345 ± 19 0.8342 ± 18 0.842 ± 25 7.46 1.16 
19 .1 massive 1.809 ± 72 0.2010 ± 13 0.00003 ± 9 0.1427 ± 13 0.165 ± 7 7.54 1.01 
19.2 margin 1.011 ± 40 0.4309 ± 15 0.02033 ± 12 1.1415 ± 7 4.503 ± 177 9.59 0.48 
20.1 zoned 1.810 ± 71 0.2000 ± 18 0.00098 ± 15 0.2591 ± 15 0.191 ± 8 7.42 1.08 
21.1 zoned 1.262 ± 49 0.3473 ± 27 0.01338 ± 22 0.8370 ± 15 1.172 ± 46 8.92 0.86 
22.1 massive 1.264 ± 50 0.3709 ± 39 0.01540 ± 32 0.8823 ± 32 1.130 ± 46 8.02 1.10 
23.1 massive 1.982 ± 78 0.2134 ± 22 0.00265 ± 18 0.2852 ± 17 0.193 ± 8 7.47 1.02 
25.1 zoned 1.414 ± 41 0.3996 ± 26 0.01764 ± 31 1.0189 ± 15 2.514 ± 75 9.28 0.85 
26.1 zoned 1.145 ± 34 0.2764 ± 17 0.00724 ± 15 0.4582 ± 8 1.194 ± 36 8.15 0.78 
26.2 margin 1.121 ± 33 0.4141 ± 19 0.01880 ± 15 1.0387 ± 5 4.232 ± 124 9.94 0.64 
27.1 zoned 0.996 ± 29 0.3810 ± 9 0.01616 ± 10 0.9436 ± 10 1.803 ± 53 9.22 0.95 
28.1 massive 1.190 ± 35 0.3682 ± 35 0.01482 ± 49 0.8898 ± 11 2.845 ± 84 8.16 1.35 
28.2 margin 1.097 ± 32 0.4200 ± 37 0.01896 ± 14 1.0702 ± 5 0.709 ± 21 9.95 0.59* 
28.3 margin 1.218 ± 36 0.4162 ± 39 0.01825 ± 33 1.0686 ± 6 0.972 ± 28 6.98 0.57* 
28.4 massive 1.875 ± 55 0.3724 ± 34 0.01551 ± 20 0.8783 ± 16 2.454 ± 74 8.05 1.32 
28.5 massive 1.186 ± 35 0.3862 ± 49 0.01683 ± 40 0.9335 ± 9 3.392 ± 100 8.86 0.94 
Isotopic ratios measured by ion microprobe. Uncertainties are lcr and refer to the final digits of the quoted 
ratio. The U/Pb and Th/Pb ratios are corrected for interelement discrimination using the SL3 standard, the 
errors in these ratios are based on the observed dispersion in the SL3 calibration (see figure 3.4). Errors 
for the 207pb/206pb and 204pbf206pb ratios are based on the observed scatter between seven scans of the 
mass spectrum. In cases where the observed scatter was less than the error predicted by ion counting 
statistics, the counting statistics-based errors are quoted. The column uo+tu+ gives the measured 
uranium oxide to uranium metal ratio for the individual measurements. The final column gives the total 
zirconium sub-oxide counts for the single measurement divided by the mean of the Zr20 of the bracketing 
SL3 measurements. An asterisk(*) indicates a measurement which overlapped onto the epoxy, thereby 
yielding artificially low Zr20 counts. 
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Table 3.3 
Reduced Ion Microprobe Data from Zircon Analyses 
(2. 7 Ga model common Pb) 
grain. concentrations %comm % radio genie weighted 207/206 
spot u Th Pb 206pb 204pb 206pb cone 238/206 207 /206 208/206 residual age (Ma) 
1.1 0.05 0.006 0.035 0.024 0.9 5 .1 106 1.830 0.182 0.118 -0.1 2673 ± 43 
2.1 0.15 0.030 0.5 0.207 40. 26.7 233 0.831 0.179 0.601 -0.7 2648 ± 18 
2.2 0.10 0.009 0.14 0.066 8.6 18.0 119 1.632 0.174 0.387 -0.8 2596 ± 107 
2.3 0.08 0.026 0.18 0.080 12. 21.1 169 1.148 0.183 0.471 0.5 2676 ± 24 
2.4 0.32 0.18 1.3 0.497 101. 27.6 254 0.764 0.185 0.644 1.6 2700 ± 28 
3.1 0.09 0.009 0.006 0.004 0.0 1.0 100 1.940 0.181 0.291 -0.5 2666 ± 34 
3.2 0.016 0.013 0.014 0.008 0.4 7.2 102 1.899 0.181 0.328 -0.3 2665 ± 49 
3.3 0.013 0.010 0.017 0.008 0.9 15.4 117 1.654 0.175 0.409 -1.2 2609 ± 62 
3.4 0.32 0.14 1.1 0.431 87. 27.4 218 0.888 0.185 0.637 0.9 2694 ± 38 
4.1 0.026 0.015 0.017 0.012 0.1 1.6 102 1.906 0.185 0.194 0.8 2698 ± 23 
4.2 0.032 0.018 0.023 0.015 0.5 4.7 101 1.920 0.176 0.191 -2.3 2618 ± 30 
4.3 0.024 0.017 0.018 0.012 0.4 4.2 107 1.819 0.178 0.213 -1.6 2632 ± 32 
4.4 0.26 0.06 0.6 0.250 48. 26.4 157 1.235 0.179 0.554 -0.8 2640 ± 29 
4.5 0.036 0.016 0.19 0.012 0.4 4.9 74 2.620 0.179 0.204 -1.7 2643 ± 26 
u 0.15 0.6 0.38 0.163 22. 18.6 205 0.948 0.168 0.630 -7.8 2537 ± 16 
6.1 0.11 0.08 0.19 0.082 13. 21.9 131 1.479 0.174 0.480 -1.5 2599 ± 49 
7 .1 0.06 0.5 0.039 0.028 0.0 0.2 100 1.948 0.185 0.204 1.3 2696 ± 11 
8.1 0.028 0.020 0.05 0.026 3.2 16.4 176 1.101 0.182 0.416 0.2 2672 ± 30 
8.2 0.04 0.026 0.10 0.041 6.9 23.0 176 1.103 0.176 0.509 -1.3 2611±43 
8.3 0.07 0.05 0.14 0.060 9.1 20.8 156 1.245 0.178 0.493 -1.0 2632 ± 37 
8.4 0.41 0.13 1.0 0.369 76. 28.1 147 1.319 0.179 0.635 -0.6 2644 ± 36 
9.1 0.10 0.05 0.22 0.090 16. 23.8 160 1.213 0.180 0.538 -0.8 2649 ± 21 
9.2 0.10 0.07 0.27 0.106 21. 26.8 168 1.153 0.177 0.588 -1.0 2626 ± 41 
9.3 0.12 0.07 0.28 0.114 22. 24.9 156 1.246 0.178 0.560 -0.7 2636 ± 41 
M 0.07 0.039 0.039 0.028 0.2 1.2 93 2.096 0.178 0.152 -5.4 2631 ± 8 
.2..,j_ 0.12 0.07 0.07 0.048 2.1 5.9 86 2.251 0.170 0.222 
.:.2.Ji 2559 ± 20 
10.1 0.06 0.06 0.11 0.045 7.9 23.7 120 1.619 0.178 0.594 -1.2 2634 ± 32 
11.1 0.08 0.030 0.13 0.058 9.4 22.2 130 1.497 0.182 0.459 0.1 2671 ± 26 
12.1 0.027 0.039 0.020 0.010 0.8 9.9 78 2.498 0.186 0.389 0.7 2703 ± 32 
12.2 0.5 0.10 0.7 0.272 51. 25.8 90 2.149 0.182 0.565 -0.0 2673 ± 37 
13.1 0.05 0.018 0.033 0.022 0.7 4.5 88 2.191 0.176 0.136 -2.5 2618 ± 28 
14.1 0.028 0.018 0.014 0.008 0.5 8.3 59 3.314 0.192 0.256 2.2 2757 ± 30 
14.2 0.16 0.025 0.24 0.099 18. 25.0 108 1. 791 0.176 0.513 -1.4 2619 ± 37 
14.3 0.4 0.18 0.26 0.150 8.8 8.0 77 2.523 0.186 0.262 0.6 2706 ± 39 
14.4 0.39 0.10 0.8 0.305 58. 25.8 131 1.481 0.182 0.546 0.4 2673 ± 17 
15.1 0.07 0.031 0.7 0.033 4.2 17.4 93 2.094 0.177 0.385 -1.0 2621 ± 59 
16.1 0.011 0.010 0.009 0.006 0.3 7.8 104 1.872 0.174 0.231 -1.2 2598 ± 74 
17 .1 0.05 0.027 0.10 0.044 7.0 21.9 151 1.280 0.181 0.478 -0.1 2663 ± 61 
17.2 0.06 0.033 0.15 0.070 11. 19.9 220 0.883 0.182 0.431 0.1 2667 ± 30 
17 .3 0.022 0.019 0.021 0.012 0.8 9.3 110 1. 765 0.176 0.272 -1.7 2617±41 
17.4 0.09 0.036 0.11 0.053 6.4 16.4 115 1.680 0.179 0.359 -0.7 2647 ± 39 
18.1 0.026 0.025 0.26 0.013 1.4 15.5 93 2.088 0.187 0.418 0.7 2712 ± 54 
18.2 0.41 0.13 1.3 0.508 100. 26.9 205 0.947 0.182 0.627 0.3 2667 ± 24 
18.3 0.41 0.19 1.0 0.414 80. 26.2 167 1.158 0.185 0.615 0.9 2695 ± 40 
18.4 0.06 0.04 0.10 0.044 6.6 20.3 134 1.446 0.182 0.484 0.0 2670 ± 46 
18.5 0.05 0.05 0.03 0.020 0.7 5.2 91 2.141 0.184 0.307 0.4 2692 ± 31 
18.6 0.5 0.18 1.0 0.393 78. 26.9 130 1.492 0.185 0.624 1.5 2697 ± 22 
18.7 0.027 0.028 0.022 0.012 0.9 9.9 92 2.108 0.179 0.325 -0.7 2641 ± 57 
18.8 0.04 0.033 0.06 0.028 3.8 18.3 131 1.485 0.181 0.473 -0.2 2662 ± 42 
12...l 0.014 0.006 0.009 0.006 0.0 0.0 107 1.810 0.201 0.142 M 2831 ± 15 
19.2 0.5 0.11 1.0 0.386 78. 27.7 139 1.399 0.182 0.643 0.2 2669 ± 29 
(table 3 .3 continued .. .) 
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(table 3.3 continued) 
grain. concentrations %comm % radiogenic weighted 207/206 
spot u Th Pb 206pb 204pb 206pb cone 238/206 207 /206 208/206 residual age (Ma) 
20.1 0.020 0.015 0.014 0.010 0.1 1.3 106 1.834 0.188 0.230 1.9 2726 ± 25 
21.1 0.05 0.030 0.08 0.036 4.8 18.2 126 1.544 0.184 0.479 0.4 2686 ± 47 
22.1 0.013 0.008 0.020 0.009 1.3 21.0 121 1.600 0.182 0.468 0.1 2674±71 
23.1 0.021 0.016 0.014 0.009 0.2 3.6 94 2.056 0.181 0.204 -0.7 2661 ± 33 
25.1 0.05 0.014 0.07 0.030 5.3 24.0 104 1.862 0.184 0.568 0.3 2689 ± 62 
26.1 0.07 0.024 0.09 0.053 3.8 9.9 153 1.270 0.188 0.241 2.2 2728 ± 27 
26.2 0.38 0.08 0.7 0.290 54. 25.6 129 1.507 0.184 0.555 0.8 2692 ± 35 
27.1 0.06 0.029 0.11 0.047 7.7 22.0 152 1.278 0.183 0.520 0.9 2683 ± 19 
28.1 0.05 0.013 0.08 0.035 5.1 20.2 130 1.492 0.188 0.497 0.7 2723 ± 90 
28.2 0.4 0.6 0.8 0.320 61. 25.8 131 1.480 0.190 0.592 1.5 2741 ± 50 
28.3 0.8 0.7 1.4 0.577 105. 24.9 120 1.622 0.196 0.614 1.9 2794 ± 70 
28.4 0.036 0.008 0.037 0.016 2.5 21.1 82 2.378 0.182 0.459 -0.0 2675 ± 55 
28.5 0.10 0.024 0.18 0.076 13. 22.9 126 1.540 0.179 0.484 -0.2 2648 ± 92 
Reduced ion microprobe zircon data (measured values are given in table 3.2) giving the concentrations 
of U, Th, total Pb, total 206pb (in wt. %) and 204pb (in ppm). The % common 206pb, % concordant, 
radiogenic 238u;206pb, radiogenic 207pb/206pb, radiogenic 208pbf206pb and radiogenic 207pbf206pb 
ages are based on the observed 204pb content and a 2.7 Ga model common Pb composition of 
204pbf206pb = 0.07334, 207pb/206pb = 1.0805, 208pbf206pb = 2.442 (Cumming and Richards, 
1975). % concordance is with respect to Pb-loss from a 2681 Ma closed system (206pbf238u = 0.5157). 
Weighted residual gives the distance of the point from the best-fit plane (Y = 0.00101X + 0.181 + 12.2Z) 
in the Y = 207/206 dimension divided by the uncertainty in this dimension. Negative residuals indicate 
the point lies below the best-fit plane (i.e. the measured value is lower than the 207pbf206pb value 
predicted by the plane), positive residuals lie above. The four underlined analyses are those which were 
removed from the plane-fitting process. The quoted errors are lcr. 
In order to constrain better the non-radiogenic Pb composition of the whole rock 
sample, ion microprobe analyses were conducted on eight feldspar grains from #74459 
(table 3.4). Based on observed errors, 13 of the 14 analyses agree with a single 
composition, interpreted as approximating the Pb isotopic composition of the original 
magma. After correcting for a 3%o per mass unit linear mass fractionation (Wiedenbeck, 
1990, see appendix C), the ratios obtained were 204Pbf206pb = 0.07269 ± 0.00017, 
207pbf206pb = 1.0855 ± 0.0017 and 208Pbf206pb = 2.4544 ± 0.0040 (lcr). These ratios 
are roughly equal to 2.7 Ga Cumming and Richards's (1975) model 3 common Pb 
(figure 3.5b). With respect to the best-fit plane, the mean value for the 13 feldspar Pb 
determinations has a residual of +3.5, which implies that the Pb contained in the feldspars 
differs significantly from the non-radiogenic Pb contained in the zircons. The feldspars 
cannot, therefore, be the sole source of the 204Pb contained in the zircons. t 
t See also section 3.13 for discussion of the reliability of feldspar data. 
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Figure 3.5: Concordia (A) and common Pb (B) diagrams for the measured zircon ion microprobe data. 
The 'x' are for the 60 ion microprobe zircon analyses which were used to define the best-fit Wendt plane, 
crosses are the four outlier analyses. Squares represent the 12 IDTIMS single grain analyses: open 
squares for acid washed samples, filled squares for acetone washed samples. The open circles on the 
common Pb diagram are the measured values for the 14 feldspar analyses. Also shown in part B is 
Cumming and Richards's (1975) common Pb growth curve (model 3) labeled in 1000 Ma increments. 
The trace of the best-fit plane to the 60 ion microprobe data (Y = 0.00101 X + 0.181 + 12.2 Z) is also 
shown. The upper inset in (B) gives the lcr observed errors for the feldspar analyses. Lower inset in (B) 
shows an enlargement of the 60 SHRIMP zircon data. Zircon data corrected for the external Pb 
component are shown in figures 2.4 & 3.10. 
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Table 3.4 
Feldspar Pb Ratios 
phase 204pb;206pb 207pb;206pb 208pb;206pb ppm 
K-Spar 0.07356 ± 62 1.0864 ± 45 2.4447 ± 87 110 
K-Spar 0.07339 ± 50 1.0898 ± 56 2.4475 ± 95 96 
K-Spar 0.07333 ± 51 1.0760 ± 34 2.4280 ± 65 212 
K-Spar 0.07316 ± 36 1.0802 ± 83 2.4422 ± 153 187 
plag. 0.07342 ± 77 1.0802 ± 52 2.4245 ± 100 87 
plag. 0.07121 ± 49 1.0493 ± 79 2.3688 ± 152 106 
K-Spar 0.07270 ± 52 1.0752 ± 62 2.4492 ± 143 97 
plag. 0.07480 ± 84 1.0770 ± 119 2.4405 ± 160 40 
plag. 0.07321 ± 107 1.0891 ± 117 2.4252 ± 202 40 
K-Spar 0.07246 ± 109 1.0868 ± 99 2.4703 ± 184 48 
K-Spar 0.07252 ± 74 1.0824 ± 82 2.4606 ± 90 128 
K-Spar 0.07365 ± 94 1.0780 ± 118 2.4116 ± 161 96 
K-Spar 0.07250 ± 51 1.0777 ± 50 2.4418 ± 194 113 
plag. 0.07207 ± 108 1.0916 ± 105 2.4481 ± 220 40 
mean 0.07313 ± 17 1.0823 ± 17 2.4398 ± 40 
fractionated 0.07269 ± 17 1.0855 ± 17 2.4544 ± 40 
Measured Pb isotopic ratios of feldspars from sample #74459. Quoted observed precisions are lcr and 
refer to the final digit of the corresponding ratio. Concentration estimates are given in ppm by weight. 
Weighted mean and lcr error estimates, corrected for a 3 ± Oo/oo per mass unit linear fractionation, are 
given at the bottom. The fractionation correction includes no propagation of any uncertainty in its 
magnitude. Due to a significant statistical deviation, the underlined analysis was excluded from the 
calculation of the mean. Concentration of total Pb in ppm determined by peak height comparison with a 
natural K-Spar standard containing 2.0 weight percent PbO (see appendix A). Further analytical details 
given by Compston et al. (1991). See also section 3.13 of this thesis. 
The 64 ion microprobe zircon analyses, corrected for the external Pb component 
using the model Pb composition in conjunction with the observed 204pb (table 3.3), 
yield values strongly skewed towards reversely discordant values (figure 3.1). The 
data range between 59% and 254% concordant (i.e. the values measured for the 
206pbf238U ratio fall between 0.59 and 2.54 times the 206pbf238U ratio of a closed 2681 
Ma old system). For the 206pbf238U vs. 208pbf232Th system, most analyses fall above 
concordia, but the broad scatter in these data indicate either Th mobility and/or a 
decoupling of the 208pb from the uranogenic Pb. 
An important feature of the reverse discordance detected by SHRIMP is that this 
phenomenon is preferentially expressed by the zoned margins. Thirteen analyses were 
conducted on the margins, 12 of which fell in the range between 120% and 254% 
concordant (table 3.3, figure 3.6). These same 13 measurements also gave 
particularly high 204pbf206pb ratios between 0.018 and 0.021 (table 3.2, figure 3.6). 
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In contrast, both the massive (ranging between 74% to 151 % concordant) and zoned 
interiors (59% to 233%) gave results closer to concordia. Likewise, the measured 
204pbf206pb of the massive (0.000 to 0.017) and zoned interiors (0.000 to 0.020) were 
systematically lower than those measured on margin-type zircon. 
zoned 
massive 
-
margins 
Figure 3.6: Frequency histograms for the observed percent discordance and the 204pbf206pb ratios for 
64 ion microprobe analyses shown by zircon type. The dashed line in the upper diagram represents 100% 
concordant Bin size in upper diagram is 25%. Bin size in lower diagram is 0.002. 
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3.7 Results: Electron Probe 
The chemical compositions of the #74459 zircons as determined by WDS 
electron probe analysis are given in table 3.5. The ranges in Si02/Zr02 and Hf0yZr02 
ratios of 0.50 to 0.45 and 0.04 to 0.02, respectively, are within the range typically 
observed in zircons (Speer, 1980). The occurrence of the elements Y and P suggests the 
presence of the isostructural mineral xenotime (YP04), which forms a limited solid 
solution series with zircon. The concentrations of U and Th as determined by electron 
probe scatter very broadly around the concentrations determined by ion microprobe 
(tables 3.3 & 3.5, figure 3.7a & 3.7b). In the case of Pb a different situation was 
discovered: at low Pb concentrations the electron probe gave systematically higher 
measurements whereas at high Pb concentrations SHRIMP gave the systematically higher 
values (figure 3.7c). This would suggest that the SHRIMP analyses with highest Pb 
concentrations may be in error. Measuring high absolute Pb concentrations would result 
in spuriously high U/Pb ratios being determined. The electron probe data also show 
exceptionally high concentrations of unusual elements such as Fe and Ti, which are 
mostly concentrated in margin-type zircon. The presence of these elements is only 
roughly correlated with the discordance pattern of the ion microprobe data (figure 
3.8a). Many of the electron probe analyses also gave extremely low totals, implying that 
significant chemical alteration has taken place (Krogh and Davis, 1973). Low totals for 
the electron probe are only very weakly correlated to the discordance patterns indicated by 
SHRIMP for #74459 (figure 3.8b). By separating the data by zircon type, it becomes 
apparent that real differences exist between the data patterns from the different types of 
zircon. All three types of zircon in #7 4459 contain regions which the ion microprobe 
found to be reversely discordant. The massive type zircon, in general, show both the 
least degree of chemical non-stoichiometry and the lowest frequency of reverse 
discordance. In contrast, the analyses from grain margins have both the highest mean 
levels of reverse discordance and the greatest chemical divergence. 
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Table 3.5 
Electron Probe (WDS) Data fro1n Zircons 
Grain Si02 Zr02 Hf02 U Th Pb p Ti Fe Ce La y Yb 
1.1 
2.1 
2.2 
2.3 
2.4 
31.2 
27.6 
26.9 
31.1 
24.5 
3.1 31.6 
4.1 31.3 
5.1 31.6 
6.1 27.5 
7.1 31.6 
8.1 31.l 
9.1 29.9 
10.1 31.2 
11.1 27.3 
12.l 32.l 
12.2 22.2 
13.l 31.4 
14.1 31.8 
15.1 31.7 
16.l 31.4 
17.1 32.7 
18.1 31.9 
18.2 23.4 
18.3 24.l 
18.4 31.9 
18.5 32.3 
18.6 24.0 
18.7 30.2 
18.8 31.7 
19.l 32.0 
19.2 22.2 
20.l 31.5 
21.1 30.9 
22.1 31.8 
23.1 31.9 
25.1 31.2 
26. l 30.5 
26.2 25.5 
27.l 30.4 
28.1 29.8 
28.2 22.0 
28.3 19.0 
28.4 31.8 
28.5 31.9 
65.l 1.8 
58.4 1.8 
55.0 1.7 
64.5 1.7 
52.l 1.9 
66.7 1.3 
64.8 1.5 
65.1 1.7 
60.3 1.5 
65.6 1.4 
65.0 1.3 
60.8 1.4 
64.6 1.4 
0.046 <0.032 0.21 
0.13 0.043 0.58 
0.20 0.08 0.66 
0.10 0.034 0.21 
0.17 0.42 0.82 
<0.006 
0.039 
0.10 
0.031 
0.06 
0.0039 0.043 
0.19 0.14 
0.32 1.3 
0.13 0.07 
0.48 1.4 
0.016 <0.011 0.032 0.027 
0.14 0.029 0.55 0.05 
0.22 0.038 0.85 0.08 
<0.012 <0.011 0.16 0.038 
0.33 0.05 1.2 0.087 
0.036 
0.036 
0.05 
0.20 
0.041 
0.049 
0.07 
0.045 
0.045 0.18 0.010 <0.0037 0.024 0.013 <0.011 0.046 <0.011 
0.032 0.14 <0.006 <0.0037 0.037 <0.012 0.012 0.05 0.014 
0.05 0.17 <0.006 <0.0037 0.024 0.013 <0.011 <0.016 <0.011 
0.11 0.35 0.035 0.06 0. 7 0.16 0.035 0.46 0.039 
0.06 0.15 0.031 <0.0037 0.051 <0.012 <0.011 0.18 0.040 
0.047 0.18 0.008 0.030 0.37 0.026 0.022 0.40 0.023 
0.08 0.33 0.06 0.048 0.42 0.15 0.027 0.48 0.08 
0.044 0.17 0.012 0.034 0.18 0.05 0.013 0.16 0.025 
58.0 1.9 0.17 
66.3 1.4 <0.034 
50.1 1.8 0.39 
0.20 0.36 
0.040 0.13 
0.12 0.57 
0.045 
<0.006 
0.09 
0.18 0.7 0.31 0.040 
0.0056 0.029 <0.012 <0.011 
0.45 2.0 0.36 0.044 
1.0 0.08 
0.047 0.018 
1.0 0.09 
64.6 1.8 0.07 <0.032 0.22 0.020 0.011 0.06 0.032 <0.011 0.12 0.026 
66.0 1.7 <0.034 <0.032 0.18 <0.006 0.0044 0.016 0.013 0.012 0.06 0.022 
65.2 2.0 0.08 0.05 0.21 0.016 0.009 0.072 0.017 0.013 0.06 0.014 
64.6 1.4 <0.034 0.07 0.15 <0.006 0.015 0.40 0.06 0.031 0.07 0.013 
66.4 1.5 <0.034 0.044 0.18 <0.006 0.0046 0.040 0.015 <0.011 0.08 0.031 
65.8 1.5 <0.034 <0.032 0.19 0.027 0.013 0.072 0.013 <0.011 0.10 0.023 
50.4 1.9 0.34 0.22 0.78 0.09 0.35 2.2 0.34 0.054 1.3 0.09 
52.8 1.8 0.41 0.17 0.85 0.09 0.52 2.1 0.37 0.059 1.4 0.10 
66.4 1.5 0.036 0.033 0.19 0.008 0.0040 0.11 O.D15 <0.011 0.12 0.037 
66.5 1.4 0.041 0.05 0.17 0.023 <0.0037 0.054 0.023 0.012 0.19 0.046 
42.8 1.3 0.43 0.26 0.68 0.10 0.63 3.8 0.32 0.041 1.2 0.09 
51.8 1.7 0.15 0.06 0.30 0.015 0.078 1.2 0.09 0.016 0.26 0.029 
65.5 1.5 0.045 0.06 0.18 0.011 0.014 0.13 <0.012 0.011 0.11 0.024 
65.8 1.4 <0.034 <0.032 0.13 <0.006 <0.0037 0.006 <0.012 0.013 0.10 0.020 
47.5 2.0 0.44 0.11 0.73 0.10 0.46 2.7 0.45 0.06 1.4 0.10 
64.6 2.0 0.10 0.062 0.23 0.029 <0.0037 0.036 <0.012 <0.011 0.05 0.020 
64.1 1.6 0.06 0.06 0.24 0.011 0.014 0.24 0.025 <0.011 0.19 0.039 
66.1 1.4 <0.034 0.040 0.14 <0.006 0.0054 0.029 0.012 <0.011 0.020 <0.011 
66.0 1.4 <0.034 <0.032 0.17 0.019 <0.0037 0.006 <0.012 <0.011 0.038 0.014 
63.8 1.3 0.05 0.038 0.17 0.033 0.018 0.07 0.038 0.012. 0.10 0.022 
63.7 1.4 0.08 <0.032 0.30 0.031 0.052 0.5 0.06 0.014 0.10 0.020 
55.1 2.1 0.5 0.08 0.64 0.08 0.35 1.6 0.36 0.05 1.3 0.08 
64.2 1.3 0.09 <0.032 0.20 0.018 0.06 0.30 0.06 0.011 0.22 0.029 
62.0 2.0 0.12 <0.032 0.34 0.013 0.08 0.72 0.09 <0.011 0.26 0.033 
47.2 1.8 0.21 0.44 0.76 0.09 0.5 3.7 0.62 0.13 1.6 0.11 
39.2 1.4 0.20 0.9 0.95 0.10 1.0 8.2 0.77 0.23 1.3 0.15 
65.2 1.5 0.05 <0.032 0.08 0.010 0.035 0.14 <0.012 <0.011 0.11 0.029 
65.5 1.8 0.049 <0.032 0.22 <0.006 <0.0037 0.02 <0.012 <0.011 0.043 0.036 
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total 
98.5 
91.8 
88.6 
98.0 
85.0 
99.9 
97.9 
99.0 
92.0 
99.2 
98.2 
94.3 
97.9 
91.0 
l 00.1 
81.2 
98.5 
99.8 
99.4 
98.4 
100.9 
99.8 
82.9 
86.7 
100.4 
101.0 
77.9 
86.5 
99.4 
99.5 
80.1 
98.8 
97.7 
99.5 
99.6 
97.0 
97.2 
89.3 
97.2 
95.8 
81.6 
78. l 
99.2 
99.6 
Electron probe data for 44 areas measured by ion microprobe given in weight percent. Amounts for areas 
with concentrations too low to detect are shown as less than detection limit for the given element. The 
morphological classification for each analysis is given in table 3.2. Analytical parameters are given in 
table 3.1. 
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Figure 3.7: Comparisons between the U, Th and total Pb concentrations as determined by ion 
microprobe and electron probe for 44 analyses. Each plot shows the line corresponding to identical 
results between the two techniques. In cases where the concentrations were below the detection limit of 
the electron probe, no data are shown. Uncertainties in ion microprobe data are approximately ± 20%. 
Percent uncertainties for electron probe data vary, approaching 100% as concentrations approach the 
detection limits. 
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Figure 3.8: Plot of the percent concordance of 44 ion microprobe data against two different electron 
probe measurements of the degree of alteration. In stoichiometric zircon the Fe{Zr02 ratio will be very 
large and the sum of all element concentrations should equal approximately 100%. The data are 
subdivided into their three zircon types. These data are given in tables 3.3 & 3.5. 
3.8 Results: IDT/MS Zircon Data 
The initial set of six IDTIMS data (table 3.6) gave high 204pbf206pb ratios 
ranging between 0.0039 and 0.0101. These analyses also gave measured 238Uj206pb 
ratios which range between 4.1 and 8.5 (figure 3.5); these values are all greater than the 
238Uj206pb value of a 2681 Ma system (238Uf206pb = 1.94), thereby implying that this 
population is not dominated by a reversely discordant component. Applying a 2.7 Ga 
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model common Pb correction based on the observed 204Pb causes the IDTIMS data 
become even more normally discordant, the final values range between 21 % and 43% 
concordant (table 3.6). Since effort was made to analyze all components by ion 
microprobe (grain interiors, surfaces, cracks, etc.), it was expected that the ion 
microprobe data would form a distribution with a volume and concentration weighted 
mean near the composition determined by IDTIMS for the entire grain. This is not the 
case. The two techniques yield systematically different results in their U/Pb ratios. 
Table 3.6 
Data from ID TIMS Single Grain Analyses 
grain mass measured ~pm wt. %comm % raQioi:enic W7!206 
(µg) 238(206 207(206 204(206 208(206 u Fb 204Pb res. 206Po cone 238 !206 207(206 age (Ma) 
ACID WASHED (leachates not retained) 
3 11 6.512± 16 0.2942 ± 6 0.01013 ± 6 0.669 ± 2 780 204 1.03 -3.1 13.8 27 7.386 ± 15 0.1683 ± 4 2540± 4 
4 16 4.127±8 0.2737 ± 3 0.00799 ± 4 0.542 ± 1 758 289 J.25 -2.2 10.9 43 4.527 ± 6 0.1751±4 2603 ± 4 
8 1 6.022± 83 0.2805 ± 80 0.00856 ± 65 0.603 ± 20 613 166 0.74 -0.9 11.7 29 6.663 ± 94 0.1747 ± 8 2603 ± 8 
9 1 5.602 ± 33 0.2481 ± 33 0.00602 ± 27 0.449 ± 9 1469 385 1.34 -1.9 8.2 33 5.966 ± 35 0.1736 ± 4 2593 ± 4 
14 2 8.466 ± 32 0.2870± 19 0.00940 ± 16 0.569 ± 5 1770 336 1.67 -2.2 12.8 21 9.492 ± 34 0.1703 ± 5 2561±5 
17 4 4.548 ± 12 0.2268 ± 12 0.00403 ±JO 0.319 ± 3 849 249 0.64 -2.4 5.5 41 4.704 ± 10 0.1772 ± 2 2627 ±2 
ACID WASHED (leachates retained) 
5 5 3.238 ± 6 0.2261±3 0.00507 ± 3 0.439 ± 1 1154 513 1.64 -1 J.8 6.9 61 3.401±9 0.1626±2 2482±2 
6 7 4.417±8 0.2566 ± 3 0.00655 ± 3 0.479 ± 1 1161 395 1.46 -2.9 8.9 41 4.742±5 0.1758 ± 2 2613 ± 2 
12 3 1.983 ± 4 0.3805 ± 4 0.01602±4 0.927 ± 1 668 676 4.60 +J.4 21.8 76 2.479 ± 4 0.1848±2 2697 ± 2 
LEACHATES 
5 5 0.632 ± 2 0.4556 ± 5 0.02208 ±6 1.201 ± 1 152 556 4.52 +4.0 30.l 212 0.884 ± 2 0.1863 ± 9 2710± 9 
6 7 0.546 ± 1 0.4272 ± 3 0.01992± 3 1.091 ± 1 149 599 4.63 +3.1 27.2 258 0.732 ± 1 0.1836 ± 3 2686± 2 
12 3 0.394 ± 1 0.4307 ± 4 0.02018 ± 5 1.101 ± 1 198 1109 4.60 +2.8 27.5 355 0.531 ± 1 0.1841 ± 6 2690± 6 
ACETONE AND WATER WASHED 
11 5 2.836 ± 5 0.3460 ± 2 0.01367 ± 2 0.777 ± l 1479 961 6.06 -2.89 18.6 57 3.408 ± 3 0.1777 ± 2 2632± 2 
19 3 7.602 ± 16 0.3501 ± 6 0.01417 ± 5 0.851±1 1750 440 2. 78 -1.7 19.3 21 9.211±14 0.1751 ± 2 2607±2 
21 2 2.041 ±4 0.3836 ± 3 0.01655 ± 3 0.955 ± 1 1616 1609 11.15 -1.5 22.6 74 2.576 ± 3 0.1805 ± 4 2658 ± 3 
Data from isotope dilution thermal ionization mass spectrometry analyses of twelve single grains. The 
grain numbers correspond to those listed for the ion microprobe analyses in tables 3.2 & 3.3. lcr 
errors refer to the uncertainty in the last decimal place of the cited value. Concentrations of U and total 
Pb are given in ppm by weight (element concentrations for leachates are given with respect to the mass of 
the corresponding zircon). 'Weighted residual' gives the distance of the point from the ion microprobe's 
best-fit plane in the 207/206 dimension divided by the uncertainty in this distance (IDTIMS errors and 
best-fit plane's error hyperboloid added in quadrature). Negative residuals indicate the point lies below the 
best-fit plane. Radiogenic isotopic ratios, radiogenic ages,% common l06pb and% concordant are based 
on a 2.7 Ga model common Pb of 204pbJ206pb = 0.07334 and 207PbJ206pb = 1.0805 (Cummings and 
Richards, 1975, model 3). % concordance represents the fraction ofradiogenic 206pb lost with respect to 
a 2681 Ma system which remained closed since the time of formation. The 'measured' data include 
corrections for the concurrently determined laboratory blank (composition: 206pb;204Pb = 18.0 ± 0.5 and 
207pb;204pb = 15.55 ± 0.10 (lcr)) and a mass spectrometer intrinsic linear mass fractionation of 1.20 ± 
0.25o/oo per mass unit. 
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Prior to HF digestion in teflon capsules the zircons had been briefly washed in 
warm HN03; a routine procedure meant to remove loosely bound U and Pb from the 
surface of the grains. In order to test if this washing procedure might have leached 
significant amounts of U or Pb from the grains, a second series of analyses was 
undertaken using modified washing procedures. The data from these six additional 
analyses (table 3.6) were also normally discordant when corrected for the common Pb 
using a 2.7 Ga model Pb composition. All 12 of the IDTIMS zircon analyses yielded 
radiogenic 207pbj206pb ratios close to that of a 2681 Ma system (207pbj206pb = 0.1831). 
Eleven of the 12 analyses gave negative weighted residuals with respect to the ion 
microprobe zircon best-fit plane: the most negative of these imply the presence of an 
additional post-t1 (2681±6 Ma) and pre-t2 (-48 ± 53 Ma) disturbance of the system. 
Three acid leachates were also analyzed by IDTIMS for their U and Pb 
components (table 3.6): they gave exceptionally high measured 204Pb/206pb (0.020 to 
0.022) and 207pbj206pb (0.43 to 0.46) ratios. The radiogenic 207pbf206pb ratios for the 
three leachates fall in the same general range as those measured on the zircons, implying 
that the Pb leached from the zircons was of geological origin, as opposed to being from 
laboratory contaminant which might have been introduced by epoxy adhering to the 
grains. The IDTIMS data reveal that large amounts of Pb were removed from the zircons 
during the brief HN03 washing, between 40% and 60% of the total 206pb was contained 
in the leachates. Large amounts of U were also leached from the grains, representing 
between 11 % and 23% of the total budget. The 238Uf206pb ratios measured in the 
leachates were exceptionally low, ranging between 0.39 and 0.63. When corrected for 
the common Pb component using a 2.7 Ga model Pb isotopic composition and the 
observed 204Pb, the three leachates remain between 212% and 355% concordant. Thus, 
it appears that the brief acid washing removed significant amounts of both Pb and U and 
the leached materials had distinctly reversely discordant compositions. The significance 
of the reversely discordant U/Pb ratios in the leachates is uncertain, since a priori one 
might expect brief acid leaching process could discriminate significantly between U and 
Pb. 
In order to test the possibility that the zircons plus leachates had a genuinely 
reversely discordant bulk composition, mole sum calculations were made for each of the 
three leachate experiments (table 3.7). For grains 5 and 6 the combined contents yield 
normally discordant U/Pb ratios even before any correction is made for the common Pb 
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contained in the system. In contrast, grain 12 gave a low combined radiogenic 
238UJ206pb value of 1.03, which is equivalent to being 140% concordant. Thus, only in 
the single case of grain 12 is there evidence for a zircon which had a truly reverse 
discordant bulk composition. Grain 12 is also notable for having the highest combined 
204pbj206pb of the three leaching experiments. 
Ion microprobe measurements on both grains 5 and 6 (tables 3.2 & 3.3) gave 
238UJ206pb ratios which were lower than the combined bulk grain plus leachate values 
(table 3.7). In contrast, both ion microprobe analyses of grain 12 gave higher 
238Uj206pb values than the combined zircon plus leachate IDTIMS measurements. For 
the three acetone washed grains, all four of the ion microprobe analyses gave 238UJ206pb 
ratios lower than the corresponding IDTIMS data (table 3.6). Assuming that briefly 
washing the grains in cold acetone leached neither U nor Pb, these data show that the 
238U/206pb ratios measured by ion microprobe are lower than those subsequently 
measured by IDTIMS. 
Table 3.7 
Mole Sums for Leaching Experiments 
grain leachate combined 
204pb 206pb 238u 204/206 238/2063 238/206b 238/206c 
grain 5 0.03 77 7.435 24.08 
grain 6 0.0503 7.673 33.90 
grain 12 0.0676 4.220 8.36 
0.1108 5.018 3.17 0.0119 2.19 (89%) 2.61 (74%) 5.17 (37%) 
0.1590 7.986 4.36 0.0134 2.44 (79%) 2.98 (64%) 6.99 (28%) 
0.1270 6.296 2.48 0.0185 1.03 (188%) 1.38 (140%) 10.16 (19%) 
a= no correction made for external Pb component. 
b = correction made using external Pb composition of 204pbj206pb = 0.07334. 
c = correction made using external Pb composition of 204pbf206pb = 0.02059. 
Table of mole sums for three acid washed grains and their leachates. The values listed for the grains and 
leachates give the total absolute content of the specified isotope in picomoles. In the final three columns 
the numbers in parentheses indicate the percent concordance in the 238uj206pb with respect to a system 
which has been closed since 2681 Ma. These calculations are based on the assumption that the system 
remained closed for U-loss or gain. 
Chapter 3: Reverse Discordance 
85 
3.9 Discussion: The Nature of the External Pb 
The degree and reproducibility of the reverse discordance seen in the SHRIMP 
data from #74459 is unique. The discrepancy between the U/Pb ratios measured by the 
ion microprobe and IDTIMS implies that the sputtering behavior of this sample diverged 
significantly from that of the standard against which it was calibrated. When discussing 
the U/Pb systematics of #74459, it is important to distinguish between a radiogenic 
'internal Pb' component and an 'external Pb' component. The following discussion is 
thus based on a model with two components defined as: 
A. internal Pb which is the product of the in situ decay of U and Th and which has not 
migrated significantly since its time of production. This concept of an internal 
component can also be extend to the elements U and Th, which are defined as 
having entered their current lattice positions at the time of zircon crystallization 
from amagma 
B. external Pb which represents all Pb contained in the zircon which is not the product 
of in situ radioactive decay. The external component can itself contain two 
components: a 'normal,' non-radiogenic common Pb and an external radiogenic 
Pb which was produced elsewhere and which subsequently migrated into its 
current lattice environment. This concept of an external component can likewise 
be extended to U and Th, which are defined as having entered their current 
lattice positions subsequent to the time of zircon crystallization. 
The internal component, being the product of the same process which produced the 
radiogenic Pb in the SL3 standard, is assumed to have similar sputtering characteristics. 
This assertion is supported by the ion microprobe analyses with the lowest measured 
204Pb/206pb ratios (e.g. analyses 3.1, 7.1, 9.4, 19.1 and 20.1; table 3.2) which give 
U/Pb ratios near concordia (table 3.3) and which have 'normal' trace element contents 
(table 3.5). This interpretation implies that the reversely discordant U/Pb ratios 
measured by SHRIMP resulted from unusual sputtering characteristics of the external 
component. This conclusion is supported by the fact that the SHRIMP analyses with the 
lowest measured 238Uj206pb ratios frequently have the highest measured 204pb contents. 
The 204pbj206pb and 207pbj206pb ratios measured by the ion microprobe give a 
very well-defined linear relationship (figure 3.Sb). This relationship results from the 
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mixing of a 204Pb-free internal radiogenic component with a 204Pb-bearing external 
contaminant. The external Pb must have a composition which lies on this line and which 
has a 204pbf206pb ratio greater than or equal to the highest 204pbf206pb measured by the 
ion microprobe (analysis 8.4 has 204Pb/206Pb = 0.02059). An upper limit for the 
204pbj206pb of the contaminant may be set at circa 0.073 which is the value of both 2.7 
Ga model Pb and of the mean Pb composition measured in the feldspars. 
It was therefore necessary to developed a means for defining the 204pbj206pb of 
the external component. Because the IDTIMS data indicate the external component has 
sputtering characteristics that differ significantly from the zircon standard, any method for 
defining the 204Pbj206pb of the external component must be independent of both the 
U/Pb ratio and the absolute concentrations of U and Pb measured by SHRIMP. An 
accurate, though somewhat imprecise approach involves plotting the total number of 
observed ions of 204pb vs. 206pb (figure 3.9). The 64 ion microprobe measurements 
show a very strong correlation between these two parameters; the unweighted data give 
the best-fit line: 
206pb = 49.8 (204Pb) + 1.99 x (105) correlation coefficient= 0.99 
The slope of this regression line relates the number of 206pb atoms which is added for 
each atom of 204pb which enters a zircon. The value of 49.8 therefore represents the 
206pbf204pb of the external component, which is equivalent to a very radiogenic 
204Pbj206pb composition of 0.0201. Furthermore, the fact that all 64 ion microprobe 
analyses lie near this line implies that the external Pb which entered these zircons must 
have been very well mixed. One analysis (5.1) falls somewhat above the 204pb vs. 
206pb regression line, implying that it has either a much higher internal radiogenic 206pb 
content or that an even more radiogenic external Pb was taken up locally. The 1.99 x 105 
intercept of the regression line gives the mean internal radiogenic Pb concentration, 
equivalent to circa 62 ppm 206Pb as based on the SL3-defined sensitivity measurements. 
This estimate of 62 ppm 206pb would also include the effects of loss of internal Pb during 
the t2 event. 
Chapter 3: Reverse Discordance 
,,--.._ 
(/.) 
:::::: 
0 
....... 
......-< 
......-< 
....... 
s 
:::::: 
....... 
'-" 
..D p... 
\0 
0 
N 
'+-< 
0 
(/.) 
....... 
:::::: 
::l 
0 
u 
......-< 
crj 
....... 
0 
....... 
8 
6 
4 
2 
0 
0 
Y=49.8X+ l.99xl0 5 
corr. coeff. = 0.99 
analysis 5.17 
analysis 8.4 
~D 
50 100 150 200 
total counts of 204 Pb (in thousands) 
87 
Figure 3.9: Plots showing the total number of ion counts for 204Pb vs. 206pb for 64 zircon analyses 
(for a seven scan analysis this is equivalent to a total integration time of 70 seconds for both isotopes). 
The formula for the unweighted best-fit line is also shown. The significance of analyses 5.1 and 8.4 are 
discussed in the text. 
This 204pb vs. 206pb regression line reflects varying amounts of the external 
component being added to the internal radiogenic Pb end-member located on the Y axis. 
The 206pbf204pb of the external Pb is represented by the slope of the data. 
An important feature of this technique is that it is not affected by variations in the 
sensitivity of the ion microprobe. If SHRIMP has greater sensitivity for the external Pb 
component, as is suggested by the electron probe data, then the count rates of both the 
204pb and 206pb should be enhanced in a parallel fashion, moving a point along a line 
away from the origin. This would have only a very small effect on the slope of the 
regression line. Clearly this technique is only valid for suites of zircons which yield high 
204pb count rates, such as was the case with the analyses from #74459. 
This use of a regression line to uniquely define the common Pb composition is 
not highly precise. A problem is that no single radiogenic internal end-member exists 
(see inset in figure 3.9); the amount of internal Pb in each zone depends on the original 
U content of that zone. Furthermore, the slope of the regression line only reflects a 
minimum limit for the 206pbl204Pb of the external Pb (i.e. a maximum for 204pbf206pb), 
since the external Pb-rich zones may have given-up part of their internal radiogenic Pb, 
causing the slope to rotate and become more shallow. Such a rotation in the regression 
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line can not be very significant in this case because of the high 204Pb count rates which 
were observed during many analyses. Otherwise, the only analytical problem which 
could influence this result would be the presence of gross isotopic fractionation during the 
sputtering of the external component. Such fractionation can be ruled out because of the 
constant 207Pbj206pb ratio of the radiogenic external component . 
The 204pbf206pb ratio of circa 0.0201 for the external Pb component is only 
slightly less than the ratio measured by SHRIMP on some of the 204Pb-rich zircons. The 
highest measured 204Pbj206pb ratio was obtained from analysis 8.4 which was conducted 
on margin-type zircon. This analysis must contain an external Pb which had a 
204Pbf206pb ratio of not less than 0.02059. If one therefore assumes that this sample 
contains pure external Pb, the 207pbf206pb and 208pbj206pb composition of the external 
Pb component are directly defined as 0.4321 and 1.142, respectively (table 3.2). 
Because the 204pbf206pb of the external component apparently was very similar for 
nearly all of the SHRIMP analysis, the isotopic ratios 0.02059, 0.4321 and 1.142 for the 
external Pb component were assigned to all the zircon analyses. It is interesting to note 
that these values for the external component are similar to those measured for the three 
leachates (table 3.6). This implies that the acid leaching strongly discriminated between 
the external and internal Pb components. 
Correcting for the external Pb using this highly radiogenic composition results in 
only two of the 64 ion microprobe analyses to remain significantly reversely discordant 
(table 3.8). Analysis 8.4 necessarily gives a radiogenic 238Uf206pb ratio of infinity, 
which is equivalent to having lost 100% of its internal radiogenic Pb. The analyses 
which had the highest measured 204pbf206pb (i.e. those which have the highest 204pb 
concentrations and which also lie below the regression line in figure 3.9) are those 
which are most dramatically affected by the use of this highly radiogenic external Pb 
correction. The analyses with low measured 204pbf206pb ratios, and which previously 
were the most concordant analyses, do not drastically change their radiogenic U/Pb ratios 
when the new external Pb composition is applied. Using the new 204pbf206pb ratio of 
0.02059 causes the radiogenic 238U,f206pb ratios of the 12 IDTIMS zircon analyses to fall 
within the range of the corrected ion microprobe data (figure 3.10). 
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Table 3.8 
Comparison of Different Corrections for External Component 
grain. 'nQrmal' external P12a 'radiogenic' ext~mal P!.2 
spot % comm 238/206 %comm 207 /206 207 /206 age 208/206 238/206t, 238/206c 
1.1 5.1 1.83 (106) 18.1 0.183 2678 ± 71 0.035 2.12 (91) 1.88 (103) 
2.1 26.7 0.83 (233) 95.0 0.186 2710 ± 733 0.142 12.29 (16) <0 
2.2 18.0 1.63 (119) 64.0 0.167 2532 ± 348 0.070 3.72 (52) 1.78 (109) 
2.3 21.1 1.15 (169) 75.3 0.190 2746 ± 136 0.111 3.67 (53) 0.33 (592) 
2.4 27.6 0.76 (254) 98.2 0.434 4033 ± 1264 1.012 31.30 (6) <0 
3.1 1.0 1.94 (100) 3.5 0.181 2667 ± 47 0.282 1.99 (97) 1.95 (99) 
3.2 7.2 1.90 (102) 25.8 0.182 2670 ± 82 0.251 2.38 (82) 1.99 (97) 
3.3 15.4 1.65 (117) 54.7 0.172 2577 ± 164 0.213 3.09 (63) 1.77 (110) 
3.4 27.4 0.89 (218) 97.7 0.353 3719 ± 1196 0.719 27.82 (7) <0 
4.1 1.6 1.91 (102) 5.6 0.185 2700 ± 32 0.175 1.99 (97) 1.92 (101) 
4.2 4.7 1.92 (101) 16.8 0.176 2614 ± 46 0.127 2.20 (88) 1.98 (98) 
4.3 4.2 1.82 (107) 14.9 0.178 2630 ± 47 0.160 2.05 (95) 1.86 (104) 
4.4 26.4 1.24 (157) 94.1 0.174 2601 ± 713 <0 15.31 (13) <0 
4.5 4.9 2.62 (74) 17.4 0.179 2643 ± 41 0.139 3.02 (64) 2.79 (70) 
5.1 18.6 0.95 (205) 66.1 0.152 2372 ± 94 0.624 2.28 (85) 0.14 (1365) 
6.1 21.9 1.48 (131) 78.1 0.162 2477 ± 246 0.082 5.28 (37) 1.37 (141) 
7 .1 0.2 1.95 (100) 0.6 0.185 2696 ± 15 0.202 1.96 (99) 1.95 (99) 
8.1 16.4 1.10 (176) 58.6 0.185 2700 ± 94 0.193 2.22 (87) 0.68 (287) 
8.2 23.0 1.10 (176) 81.8 0.164 2502 ± 289 0.105 4.68 (42) <0 
8.3 20.8 1.24 (156) 74.1 0.175 2609 ± 180 0.200 3.81 (51) 0.67 (288) 
8.4 28.1 1.32 (147) 100.0 undef. undefined undef. co (0) 00 (0) 
9.1 23.8 1.21 (160) 84.9 0.182 2669 ± 227 0.150 6.12 (32) <0 
9.2 26.8 1.15 (168) 95.3 0.149 2337 ± 1627 <0 18.11 (11) <0 
9.3 24.9 1.25 (156) 88.8 0.174 2592 ± 430 0.130 8.39 (23) <0 
9.4 1.2 2.10 (93) 4.2 0.178 2631 ± 11 0.136 2.16 (90) 2.11 (92) 
9.5 5.9 2.25 (86) 21.1 0.168 2542 ± 32 0.142 2.69 (72) 2.39 (81) 
10.1 23.7 1.62 (120) 84.3 0.174 2598 ± 283 0.440 7.89 (24) 2.00 (97) 
11.1 22.2 1.50 (130) 79.0 0.190 2742 ± 173 <0 5.55 (35) 1.43 (135) 
12.1 9.9 2.50 (78) 35.3 0.188 2726 ± 62 0.292 3.48 (56) 2.88 (67) 
12.2 25.8 2.15 (90) 91.8 0.208 2887 ± 521 0.001 19.52 (10) 7.23 (27) 
13.1 4.5 2.19 (88) 16.1 0.176 2614 ± 44 0.066 2.49 (78) 2.28 (85) 
14.1 8.3 3.31 (58) 29.4 0.196 2789 ± 55 0.142 4.31 (45) 3.85 (50) 
14.2 25.0 1.79 (108) 89.0 0.161 2463 ± 455 <0 12.24 (16) 3.37 (58) 
14.3 8.0 2.52 (77) 28.4 0.188 2724 ± 68 0.156 3.24 (60) 2.81 (69) 
14.4 25.8 1.48 (131) 92.1 0.209 2895 ± 374 <0 13.84 (14) 1.14 (169) 
15.1 17.4 2.09 (93) 62.0 0.174 2594 ± 184 0.092 4.55 (43) 2.76 (70) 
16.1 7.8 1.87 (104) 27.7 0.173 2585 ± 128 0.119 2.39 (81) 1.97 (98) 
17 .1 21.9 1.28 (151) 78.0 0.186 2709 ± 285 0.079 4.54 (43) 0.67 (290) 
17.2 19.9 0.88 (220) 71.0 0.186 2707 ± 130 0.071 2.44 (79) <0 
17.3 9.3 1.76 (110) 33.0 0.175 2607 ± 82 0.143 2.39 (81) 1.85 (105) 
17.4 16.4 1.68 (115) 58.4 0.180 2651 ± 107 0.081 3.37 (57) 1.84 (105) 
18.1 15.5 2.09 (93) 55.4 0.193 2770 ± 140 0.224 3.95 (49) 2.60 (75) 
18.2 26.9 0.95 (205) 95.8 0.223 3002 ± 802 0.506 16.36 (12) <0 
18.3 26.2 1.16 (167) 93.3 0.241 3127 ± 587 0.419 12.74 (15) <0 
18.4 20.3 1.45 (134) 72.4 0.187 2719 ± 183 0.200 4.18 (46) 1.30 (149) 
18.5 5.2 2.14 (91) 18.6 0.185 2699 ± 51 0.253 2.49 (78) 2.24 (86) 
18.6 26.9 1.49 (130) 95.7 0.279 3360 ± 598 0.448 25.58 (8) 1.02 (190) 
18.7 9.9 2.11 (92) 35.2 0.178 2640 ± 104 0.204 2.93 (66) 2.34 (83) 
18.8 18.3 1.48 (131) 65.3 0.184 2686 ± 143 0.254 3.50 (55) 1.44 (135) 
19.1 0.0 1.81 (107) 0.2 0.201 2831 ± 20 0.141 1.81 (107) 1.81 (107) 
19.2 27.7 1.40 (139) 98.7 0.336 3646 ± 2423 1.102 80.07 (2) <0 
(table 3 .8 continued ... ) 
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(table 3.8 continued) 
grain. 'nQrmal' external Pba 'radiogenic' ~xtemal Pb 
spot % comm 238/206 %comm 207 /206 207 /206 age 208/206 238/206b 238/206c 
20.1 1.3 1.83 (106) 4.7 0.188 2729 ± 35 0.215 1.90 (102) 1.84 (105) 
21.1 18.2 1.54 (126) 65.0 0.190 2741 ± 154 0.271 3.61 (54) 1.57 (123) 
22.1 21.0 1.60 (121) 74.8 0.189 2737 ± 303 0.113 5.01 (39) 1.78 (109) 
23.1 3.6 2.06 (94) 12.9 0.181 2663 ± 49 0.158 2.28 (85) 2.11 (92) 
25.1 24.0 1.86 (104) 85.7 0.205 2870 ± 465 0.284 9.86 (20) 3.33 (58) 
26.1 9.9 1.27 (153) 35.2 0.192 2759 ± 53 0.087 1.77 (110) 1.17 (165) 
26.2 25.6 1.51 (129) 91.3 0.224 3014 ± 438 <0 12.90 (15) 1.40 (138) 
27.1 22.0 1.28 (152) 78.5 0.195 2782 ± 140 0.221 4.63 (42) 0.64 (303) 
28.1 20.2 1.49 (130) 72.0 0.204 2858 ± 355 0.242 4.25 (46) 1.44 (135) 
28.2 25.8 1.48 (131) 92.1 0.280 3363 ± 443 0.237 13.83 (14) 1.13 (171) 
28.3 24.9 1.62 (120) 88.6 0.292 3427 ± 472 0.496 10.72 (18) 2.19 (89) 
28.4 21.1 2.38 (82) 75.3 0.190 2742 ± 221 0.073 7.60 (26) 4.26 (46) 
28.5 22.9 1.54 (126) 81.7 0.181 2661 ± 557 0.000 6.50 (30) 1.60 (121) 
grain 3 13.8 7.56 (27) 49.2 0.161 2463 ± 66 0.196 12.82 (15) 11.77 (16) 
grain 4 10.9 4.63 (43) 38.8 0.178 2636 ± 32 0.162 6.74 (29) 6.05 (32) 
grain 8 11. 7 6.82 (29) 41.6 0.173 2583 ± 579 0.219 10.31 (19) 9.54 (20) 
grain 9 8.2 6.10 (33) 29.2 0.172 2578 ± 189 0.163 7.92 (24) 7.47 (26) 
grain 14 12.8 9.71 (21) 45.7 0.165 2509 ± 152 0.088 15.56 (12) 14.65 (13) 
grain 17 5.5 4.81 (41) 19.6 0.177 2623 ± 58 0.119 5.65 (34) 5.38 (36) 
grain 5 6.9 3.48 (61) 24.6 0.159 2443 ± 21 0.209 4.30 (45) 3.92 (49) 
grain 6 8.9 4.85 (41) 31.8 0.175 2603 ± 23 0.170 6.48 (30) 5.97 (32) 
grain 12 21.8 2.54 (76) 77.8 0.200 2823 ± 119 0.173 8.93 (22) 4.35 (44) 
grain 11 18.6 3.49 (57) 66.4 0.176 2615 ± 67 0.056 8.44 (16) 6.30 (31) 
grain 19 19.3 9.42 (21) 68.8 0.169 2549 ± 110 0.206 24.38 (8) 21.98 (9) 
grain 21 22.6 2.64 (74) 80.4 0.185 2697 ± 141 0.184 10.40 (19) 5.96 (32) 
a = external component corrected using atomic ratios 204pbJ206pb = 0.07334, 207pbJ206pb = 1.0805, 
238u/204pb = o (see table 3.2) 
b = external component corrected using 204pbJ206pb = 0.02059 ± 11, 207pbJ206pb = 0.4321 ± 23, 
208pbJ206pb = 1.142, 238uf204pb = O (see section 3.9) 
c =external component corrected using 204pbJ206pb = 0.02059, 207pbJ206pb = 0.4321, 238uf204pb = 
53 (see section 3.10) 
Comparison of external Pb corrections using both 'normal' and radiogenic compositions when correcting 
for the observed 204pb of the 64 ion microprobe analyses and 12 IDTIMS analyses. The % common 
206pb is indicated in each case. The lcr errors for the radiogenic 207pbJ206pb ages include the 
propagation of the uncertainties in the radiogenic external Pb as determined by the ion microprobe 
measurement of analysis 8.4. The 238uf206pb ratios for the three different corrections are followed by 
the % concordance (i.e. percent of radiogenic Pb retained during the circa 0 Ma t2 event) with respect to a 
closed 2681 Ma system (238uf206pb ratio of 1.939). 
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Figure 3.10: Three Tera and Wasserburg (1974) concordia diagrams for zircon data corrected using 
'normal' model common Pb (204pbj206pb = 0.07334), 'radiogenic' external Pb (204pbj206pb = 0.02059) 
and 'radiogenic' external Pb which has been additionally corrected for an external U component 
(238uj204pb = 53). Crosses are for the 64 analyses by ion microprobe, open squares are acid washed 
IDTIMS data and open squares are acetone washed IDTIMS data. In the bottom two diagrams some data 
plot off-scale. See table 3.8 for data. 
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3.10 Discussion: An Estimation of the External U and Th 
As was the case for the Pb isotopes, it is also possible to estimate the 
238Uj206pb ratio of the external component using the regression line technique. When 
dealing with an interelement ratio the observed ion count must not be used, othenvise the 
slope of the regression line would strongly reflect SHRIMP's U/Pb discrimination factor. 
It is therefore necessary to work with determined U and Pb concentrations, since these 
values already contain a correction factor based on the SL3 zircon. The plot of the 
determined 204pb vs. 238U concentrations shows substantial scatter (figure 3.11). 
Nonetheless, a reasonable correlation remains. The unweighted, best-fit line for these 
data gives: 
238U = 62 (204pb ) + 144 ppm ppm correlation coefficient= 0.97 
The intercept of this line represents the mean U concentration of the internal component 
(144 ppm by weight). The slope of 62 represents the 238Uf204pb weight ratio of the 
external component, equivalent to a 238U/204pb atomic ratio of 53. It is important to 
remember that this value is based on the SL3-defined U/Pb discrimination factor. Since 
the IDTIMS data indicate that this calibration was inaccurate, the 'true' slope of the 
regression line may well be steeper (meaning that the degree of the reverse discordance 
would decrease). Thus the 238Uf204Pb ratio of 53 represents a minimum estimate for the 
composition of the external component. Another complication of the U/Pb regression line 
is the possible correlation between U and external Pb contents which could arise from the 
process of metamictization: a correlation between 204pb and 238U concentrations would 
also result if the external component were preferentially admitted to areas which had 
received greater radiation dosages. Thus, the slope of this U/Pb regression line can only 
be used as a rough guide to the U content of the external component. Bearing in mind 
these limitations, the slope of this line, combined with the 204pbf2°6Pb value of 0.02059 
previously determined for the external component, gives a 238Uj206pb value of 1.1 for 
the external component. This U/Pb value implies that the external component is on 
average circa 180% concordant relative to a closed 2681 Ma system. The relatively large 
amount of scatter away from the regression line suggests that the U/Pb of the external 
component may have been significantly inhomogeneous. 
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Figure 3.11: Regression line technique applied to the SHRIMP determined U and Th concentrations. 
The upper graph shows absolute U vs. 204Pb, the lower graph is Th vs. 204Pb. The equations for the 
unweighted best-fit lines are indicated in both cases. It is stressed that the slopes of these lines are based 
on the SL3-derived interelement discrimination factors. Based on the IDTIMS measurements, the ion 
microprobe's relative sensitivities for U and Th were less than for Pb and hence the slopes of these 
regression lines represent minimum estimates for the U/Pb and Th/Pb of the external component. The 
analyses which were considered as outliers during the calculation of the best-fit lines are shown as filled 
symbols. 
Plotting the 204pb vs. Th concentrations for the 64 ion microprobe data (figure 
3.11) likewise provides information about the Th/Pb composition of both the internal 
and external components. The unweighted best-fit line to these data is: 
correlation coefficient = 0.82 
The intercept of this line represents the mean 232Th concentration of the internal 
component (92 ppm by weight) and the slope of 18 represents the 232Thf204Pb by weight 
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of the external component, equivalent to an atomic ratio of 16. For the same reasons as 
outlined above for the case of U, this 232Th/204pb ratio of 16 must be considered only as 
a minimum estimate. Once again, it should also be acknowledged that this correlation 
between Th and 204pb concentrations could result, at least in part, from the fact that areas 
with high radioactive element concentrations may be more prone to admitting external Pb. 
Four analyses fall distinctly above the 204Pb-Th regression line, suggesting that an 
independent, Th-rich component also entered the system. The remaining 60 analyses 
show a good correlation between 204pb and Th contents, though more scatter is seen than 
in either the Pb/Pb or U/Pb examples. The intercept value of 92 ppm indicates that the 
internal component has a mean Th/U ratio of 0.64 by weight -- this value is independent 
of any calibration problems associated with the external component. 
3.11 Discussion: The Crystallographic and Chemical Properties 
of the External Component 
Because the external radiogenic Pb has an indistinguishable 207pbj206pb ratio 
from that of the internal Pb, this component must have an age very similar to the 2681 Ma 
emplacement age of the monzogranite and must have entered the zircons at circa 0 Ma. 
(Multi-stage alternative models involving mid-Archean radiogenic systems which became 
isolated during the Proterozoic and which fortuitously gave an identical radiogenic 
207Pb/206pb ratio do exist, but they must be viewed as very improbable.) The 
indistinguishable 207Pbj206pb ratios of the internal and external radiogenic components 
implies that the radiogenic external Pb was locally derived. The fact that different zircons 
gave similar 204pbj206pb values for the external component further implies that the 
external Pb had a homogeneous composition on the kilogram sampling scale. Such 
homogeneity could not be explained by the simple redistribution of internal radiogenic Pb 
on the scale of single grains. U-loss during the t1 event could also result in the presence 
of unsupported radiogenic Pb. However, U-loss cannot explain the constant 
204pbj206pb ratio of the external component. These observations lead to the conclusion 
that the external radiogenic component was derived locally from minerals which had not 
been disturbed since the Late Archean and that during the t2 event (circa 0 Ma) radiogenic 
Pb entered the fluid-rock environment, became well homogenized and finally entered into 
the zircons. 
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Though the 204pbf206pb ratio of the non-radiogenic Pb contained in the external 
component cannot be uniquely defined, the best-fit plane for the SHRIMP zircon data are 
compatible with a 2.7 Ga model composition (weighted residual equals +0.8; see table 
2.5). This suggests that the 'common' Pb component may also have been locally 
derived from a U-poor reservoir which had remained closed since the Late Archean. 
Because the Pb data from the feldspars is incompatible with the zircon common Pb 
component (recall that the mean feldspars Pb isotopic composition gives a residual of 
+3.5 with respect to the zircon best-fit plane), a source of 204pb other than from the 
feldspars must have been involved. This is further supported by the very non-radiogenic 
Pb composition found in the feldspars, a situation which is only possible if the feldspar 
system did not exchange Pb with the surrounding, radiogenic Pb-rich environment.:!: 
This is one of the more surprising results of this study: apparently the zircons accepted 
the introduction of external Pb while adjacent feldspars remained closed to Pb exchange! 
The ion microprobe data indicate that both U and Th were associated with the 
external Pb component. Table 3.8 gives the 238U/W6Pb ratios for both the SHRIMP 
and IDTIMS analyses after the data were corrected for both U and external Pb using an 
238Uf204Pb atomic ratio of 53 for the external component. Because of the unc~rtainties in 
determining the U/Pb ratio of the external component (unknown discrimination factor 
during sputtering and the possibility that external Pb preferentially entered metamict 
regions), the correction for the external U is only a rough estimate. The fact that many of 
the corrected ion microprobe 238UJ206Pb ratios are less than zero clearly implies that this 
correction for the external U is not highly reliable for 204Pb-rich regions. 
Evidence that U is now associated with the external component is provided by 
the UO+/U+ ratios measured with the ion microprobe (table 3.2). In the case of 
#74459, the most 204Pb-rich analyses also tended to have high UO+JU+ ratios (figure 
3.12). Were the lattice site which now houses the external component devoid of U, then 
only the UO+JU+ ratio characteristic of crystalline zircon would be expected (the 20 
concurrently measured values for the SL3 standard ranged between 6.8 and 8.4). This 
observation implies that the crystal domains which house the external component have a 
characteristic UO+JU+ which is higher than that of crystalline zircon. It is not known 
whether the U responsible for the high UO+JU+ values is a remnant of internal U or if it 
migrated into the grains. 
:t: See also section 3 .13 for discussion of the reliability of feldspar data. 
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Figure 3.12: Plots for 204Pb concentrations (ppm) vs. uo+tu+ and Zr2o+ values as determined during 
64 ion microprobe zircon analyses. The Zr20+ diagram excludes the analyses partially conducted on 
epoxy. Data are given in table 3.2 & 3.3. 
The ion microprobe Zr20+ data (table 3.2) also show a correlation with 204pb 
contents (figure 3.12): regions containing high amounts of 204pb tend to emit fewer 
Zr20+ ions as compared to the bracketing measurement of the SL3 standard. The same 
relationship is found between the the ion microprobe determined 204pb concentrations 
and the electron probe determined Zr02 concentrations. This implies that this negative 
correlation is due to, at least in part, the external component having a low Zr content, as 
opposed to being related to changes in Zr20+ sensitivity. 
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In order to understand the crystallographic relationship between the internal and 
external components, grain 26 was removed from the epoxy mount and TEM data were 
obtained from one small area of the grain interior. Electron diffraction data (figure 
3.13a) from a micron sized area showed that zircon was the only crystalline phase 
present; other phases which might occur as inclusions or alteration products were not 
found. The pattern obtained was not sharp, but rather gave a 'smeared out' pattern 
indicating that the orientation of the crystal varied over an angle of circa 10°. Low 
magnification transmission images of the same region (figure 3.13b) gave a highly 
grainy texture dominated by crystalline material within an amorphous matrix. These 
zircon 'crystallites' appear to make up circa 90% of the volume of this small region and 
have mean diameters on the order of tens of nanometers. High resolution images (figure 
3.13c) provide direct evidence of the crystal structure of this material -- a highly 
inhomogeneous pattern of crystalline and amorphous phases was found with no sharp 
boundaries between the two. Lattice fringes from the zircon structure are visible 
throughout most of the image, but their orientation varies slightly. This is in accordance 
with the 'smeared out' character of the diffraction patterns found in this same area. Some 
small areas within the image appear to be completely amorphous, being devoid of lattice 
fringes. The TEM data thus indicate that this small portion of grain 26 is composed 
predominantly of zircon with a minor, amorphous ('glass') component which is devoid 
of other crystalline phases. It is assumed that the radiogenic internal Pb is sited within the 
crystalline zircon, implying that the external component is contained in the amorphous 
phase. If this interpretation is correct, then a significant difference must exist between the 
sputtering characteristics of the amorphous phase contained in the #74459 zircons and the 
SL3 standard, which is itself highly amorphous (McLaren et al., in prep.). 
Figure 3.13 (overleaf): TEM analytical data showing (A) zircon electron diffraction pattern with 
slightly smeared out pattern, (B) low magnification image taken along the margin of the ion thinned 
crystal and (C) high resolution image showing zircon crystal as dark zones with well-defined lattice 
fringes and white zones of amorphous material. All three images are from the same region of grain 26. 
Chapter 3: Reverse Discordance 
Grain 26 A 
Zircon 
Diffraction Pattern 
B 
2microns 
c 
15 nano-meters 
99 
Broader scale information about the crystallinity of the #7 4459 zircon population 
is given by the birefringence of the different grains in the population. In epoxy mount 
this zircon population shows birefringence, though rare zones parallel to the growth 
banding were found which were completely anisotropic. The actual fraction of 
amorphous vs. crystalline could not be directly estimated due to lack of control of 
specimen thickness. Prior to ion thinning and TEM analysis, grain 26 was polished to a 
thickness of 30 µm. This grain varied in birefringence between first order yellow and 
second order blue (see color plate at beginning of this chapter), equivalent to mean optical 
densities of between 25% and 50%, respectively (Holland and Gottfried, 1955). The 
presence of a non-metamict component in the marginal overgrowth is consistent with the 
presence of cracks in this same material, since fractures of this type do not form in 
completely metamict zircon (Chakoumakos et al., 1987). These optical data show that the 
zircons from #7 4459 have often been badly radiation damaged, but that in nearly all areas 
some amount of crystalline material remains. 
Based on the IDTIMS data, it appears that the U/Pb discrimination factor for the 
external component was circa 2 or 3 times greater than in the Sri Lankan calibration 
zircon. During routine zircon analyses, SHRIMP already measures 206Pbj238U ratios 
which are typically circa 2 to 3 times greater than the true composition of the target. It 
therefore appears the external component emitted Pb+ ions between 5 and 10 times more 
efficiently than U+ ions. This result is significantly different to tests run on the NBS 610 
silicate glass, which found a discrimination factor that favored U with respect to Pb by 
about a factor of 1.5 (Hinton, 1990). Assuming that the external component is, in fact, 
housed in the amorphous material, it appears that a significant difference exists between 
the sputtering characteristics of silicate glass and metamict zircon. 
3.12 Conclusions 
Despite the presence of a very large common Pb component, the ion microprobe 
obtained a precise age of 2681 ± 6 Ma (1 a) for sample #7 4459. Beyond defining the age 
of this sample, these data give important information about the process of Pb exchange 
between a zircon and its environment. A well mixed, highly radiogenic Pb affected the 
majority of the areas analyzed by ion microprobe. In this case, the external Pb which 
entered the zircon was obtained from a well-mixed reservoir which extended over a 
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volume much larger than that of a single zircon grain. The external radiogenic Pb 
component was not the result of the in situ decay of U within a single grain followed by 
the subsequent migration of the Pb to another area within the same grain. 
The spectacular degree of reverse discordance detected by the ion microprobe 
was predominantly the result of the unusual sputtering characteristics of the external Pb 
component. The IDTIMS data from the whole grains gave measured 238Uf206pb ratios 
which tend to be normally discordant, though in the case of the first six IDTIMS 
measurements no data are available concerning the amounts of leached U and Pb. The 
amount of radiogenic Pb which entered the zircon crystals at t2 was generally not 
sufficient to replace the internal radiogenic Pb which was lost from the adjacent crystal 
domains. The external Pb incorporated into the zircons must have ionized much more 
efficiently than the internal radiogenic Pb which remained. McLaren et al. (in prep.) 
found similar enhanced Pb sputtering sensitivity related to the crystal structure of the non-
zircon components -- their work indicates decreases in the apparent U/Pb ratio may be 
related to microstructural transitions within amorphous zircon produced during heating in 
air. 
The data from the IDTIMS leachate experiments indicates that acid washing 
rapidly removed the external Pb from the zircon while apparently not significantly 
affecting the internal radiogenic Pb. For ion microprobe analyses this may provide a 
means of reducing the external Pb contained in a zircon suite, thus partially compensating 
for the more efficient ionization characteristics of external Pb. 
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3.13 A Note on the Interpretation of the Feldspar Data 
The SHRIMP feldspar Pb isotopic data apparently diverge significantly from the 
plane defined by the 60 best-fit zircon analyses. This leads to the conclusion that the 
feldspars were not the sole source of the 204Pb which is now contained in the zircons. 
' 
This conclusion is directly dependent on the fractionation correction which is applied to 
the feldspar data. The 3%o per mass unit estimation (Wiedenbeck, 1990) is based on the 
repeat measurements of a Pb rich K-feldspar standard from Broken Hill, New South 
Wales. This standard was assigned a composition of 204pbf206pb = 0.0625 and 
207pbj206pb = 0.9618. These isotopic values for the K-feldspar standard have not been 
confirmed by IDTIMS analysis. The mean feldspar Pb composition from #74459, when 
not corrected for fractionation, gives a weighted residual of only+ 1.6 with respect to the 
zircon best-fit plane. This small residual implies that the feldspars may have been a 
source for the non-radiogenic Pb contained in the zircons. The fundamental conclusion 
as to whether or not the feldspars provided Pb to the whole rock environment will need to 
be evaluated by IDTIMS analysis of the feldspar standard. 
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In the first two chapters it was shown that Poisson counting statistics can lead to error 
estimates which are significantly smaller than the 'true' error indicated by the internal 
scatter of an individual SHRIMP analysis. Other sources of uncertainty might also be 
introduced by the assumptions which must be made during the data assessment process. 
This final chapter provides a comparison of the results depending on which techniques 
and assumptions are used for calculating of the final ages. This includes a detailed 
description of the 'normal' SHRIMP method for defining the magmatic age, followed by 
an assessment of the ages of six samples using this approach. 
Poona Rock is a small, isolated outcrop of heterogeneous gneisses and granites. 
Subsequent to detailed filed mapping, six samples were selected for ion microprobe 
analysis. The resulting data proved to be complex, frequently providing clear evidence of 
non-magmatic or early Pb-loss events. In such cases where the magmatic component is 
not clearly defined it is difficult to establish with confidence the magmatic age of a 
sample. 
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descriptions of the morphologies and internal structures of the analyzed zircons. This 
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1993 amendments, page 102 A 
In the 1992-1993 evaluation of this thesis, there remained some confusion as to 
whether or not the author of this thesis supports the standard SHRIMP data assessment 
technique which employs iterative F-testing a sample rejection. This statistically non-
rigorous method is described in detail on pages 108 - 109 of this thesis. In order to 
remove this confusion it is here stated that: 
'The author of this thesis acknowledges that the iterative F -test 
method is statistically invalid. The iterative F-test technique is 
used in this chapter only in order to establish the size of the 
error which this scientifically unsound approach introduces 
into the assessment of SHRIMP data.' 
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Complex Zircon Populations from Poona Rock: An 
Attempt to Measure High Precision Ages 
4.1 Introduction 
Extensive field mapping within the Late Archean Murchison Province of 
Western Australia (Watkins and Hickman, 1990; Watkins et al., 1991) produced a 
regional tectonic model containing two phases of greenstone emplacement, five phases of 
deformation and the intrusion of four distinct granitoid suites (table 2.1). Single zircon 
U/Pb analyses on representative samples from three of the granitoid suites produced a 
framework for the emplacement ages of these units: pegmatite-banded gneiss intruded at 
2.9 Ga, recrystallized monzogranite intruded at 2.7 Ga and post-folding granitoids 
intruded at 2.6 Ga (see table 2.1 and chapter 2). 
Mapping along the western-most margin of the Murchison granite-greenstone 
terrain established the presence of an extensive zone of heterogeneous orthogneisses and 
granitoids: the Murgoo Gneiss Complex (Myers, 1990). The Murgoo Gneiss Complex 
covers an area of at least 3,500 km2; it is bounded on the east, south and west by rocks 
belonging to the Murchison granite-greenstone terrain. In the north the region is bounded 
by the Yalgar Fault, which is the tectonic contact between the Late Archean Murchison 
Province and the Early to mid-Archean Narryer Gneiss Complex (figure 4.1). This 
fault may represent a tectonic suture, as it separates two distinct terrains and remnants of 
gabbroic and ultramafic rocks are found along certain segments (Myers, 1990). 
Myers (1990) identified two major, regional components within the Murgoo 
Gneiss Complex: (Ml) a fine grained pegmatite-bearing gneiss derived from the 
deformation and recrystallization of a coarse, even grained granite containing pegmatite 
veins and (M2) a leucocratic biotite granite which subsequently underwent heterogeneous 
deformed after having intruded the older (Ml) phase. Throughout the region (Ml) and 
(M2) are intimately associated, thus prohibiting their differentiation on a regional mapping 
scale. Both the (Ml) and (M2) phases were subsequently intruded by pegmatites and 
Late Archean granites prior to developing the N-S to NE-SW tectonic trends which 
dominate the region today. In the absence of isotopic age determinations, it was uncertain 
whether the Murgoo Gneiss Complex should be correlated with the pegmatite-banded 
gneiss or the recrystallized monzogranite of the central Murchison Province. 
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TECTONIC SKETCH MAP OF THE 
WESTERN MURCHISON PROVINCE 
LEGEND 
POST • TECTONIC GRANITES 
GREENSTONE BELTS 
MURGOO GNEISSES 
GNEISSES OF THE 
NARRYER GNEISS COMPLEX 
SCALE 50 kllomoters 
Figure 4.1: Regional geological sketch map for the western Murchison Province (after Myers, 1990) 
showing the location of Poona Rock. The black line to the west and north is the the Yalgar Fault which 
is the proposed terrain boundary between the Murchison Province and the Narryer Gneiss Complex. The 
heavy dashed line is the inferred margin of the Murgoo Gneiss. Inset map in the upper-left comer shows 
the location within the state of Wes tern Australia. White areas are zones of no outcrop. 
Because of their important tectonic position along the Yalgar Fault, determining 
the tectonic affinity of the Murgoo Gneiss would provide valuable constraints for the Late 
Archean history of the northwestern Yilgarn Craton. Prior to the start of this project, the 
only isotopic data available for this region were Rb-Sr whole-rock ages ranging between 
2780 and 2580 Ma (provided by de Laeter; quoted by Myers, 1990). An intensive study 
of the Murgoo Gneiss using fine-scale mapping and high density sampling for U/Pb 
single zircon dating was therefore initiated. 
Subsequent to having begun the laboratory phase of this project additional 
isotopic ages were obtained from the Murgoo Gneiss Complex. At Greenough River, in 
the extreme south of the region, Nutman et al. (1991) measured single U/Pb zircon ages 
of 3.00 - 2.92 and 2.69 - 2.62 Ga. Price (quoted by Nutman et al., 1991) has also 
reported a zircon age of 2.69 - 2.62 Ga from Mt. Nicolay in the north of the region. 
Poona Rock (27°36'S, l l 6° l 7'E) was selected for this project because of the 
wide variety of lithologies exposed and because Poona Rock was considered 'typical' of 
the Murgoo Gneiss. This isolated, 100 meter large outcrop contains a heterogeneous 
assemblage of medium to coarse grained granitic and granodioritic lithologies with 
moderately deformed to massive textures (figure 4.2). These units are correlated with 
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POONA ROCK (sample sites) 
North 
LEGEND 
1 
2 
3 
SCALE 50 Meters 4 
Figure 4.2: Geological map of Poona Rock showing the locations of the six samples discussed in this 
paper. Legend: 1= late discordant dikes; 2 = pegmatite lenses; 3 = relatively massive granitic lithologies; 
4 = gneissic materials (dashes indicate the strike of the foliation). The contacts between the massive and 
gneissic Iithologies are diffuse and have therefore not been clearly indicated 
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the (M2) and late granite phases which are seen on a regional scale. Neither sharp 
contacts nor zones of high deformation separate the various gneissic and granitic units. 
Meter-size pegmatite lenses, both parallel and discordant to the local foliation, are also 
present and are interpreted as having been emplaced during the final stages of deformation 
subsequent to the emplacement of (M2). In the field many of the pegmatite lenses appear 
to cross-cut the late granites. Younger aplitic dikes cut across Poona Rock; their 
emplacement post-dates all other lithologies. Both the pegmatite and aplite units have 
sharp, well defined boundaries. A total of six samples from Poona Rock were analyzed 
during this study: two granitic gneisses, two massive granitoids, one pegmatite and one 
aplite (table 4.1). 
Sample 
87-329 
87-331 
87-326 
87-328 
87-330 
87-327 
Table 4.1 
Poona Rock Sample Descriptions 
Lithology 
Banded 
Gneiss 
Strongly 
Foliated 
Gneiss 
Leucogranite 
Mesocratic 
Granite 
Pegmatite 
Aplite Dike 
Texture 
moderately to strongly 
foliated, banded, 
extensively recrystallized 
medium grained, weakly to 
moderately foliated, 
partially recrystallized 
coarse grained, equigranular, 
massive to v. weakly foliated 
medium grained, equigranular, 
massive 
coarse grained, equigranular, 
very weakly foliated to 
massive 
fine grained, massive, 
partially recrystallized 
Mineralogy 
qz+ K-spar+ 
plag + bio ± 
hbl ±mus 
qz+ K-spar+ 
plag + bio ± 
chi ± epidote 
qz + K-spar+ 
plag + bio± chl 
± epidote 
qz+ K-spar+ 
plag + bio± chi 
± epidote 
qz+ K-spar+ 
plag + bio± 
chi ± epidote 
K-spar+ qz 
plag 
Brief descriptions of the textures and mineralogies of each of the six samples collected from Poona Rock. 
The samples are listed in sequence from oldest to youngest as based on field data. The mineral 
components are listed in order of decreasing abundance. 
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4.2 Objectives of this Study 
The primary goal of this project is to combine detailed field mapping with high 
density sampling to determine the emplacement ages of the various phases found at Poona 
Rock. This would also provide constraints on the timing of the deformation events which 
occurred in the region. In addition to providing the first detailed chronological 
framework for the Murgoo Gneiss Complex, these data would indicate whether the 
Murgoo Gneiss is temporally related to either the pegmatite-banded gneiss or the 
recrystallized monzogranite of the central Murchison Province (see chapter 2). The age 
pattern of the xenocrystic components would provide further information concerning the 
age of the source materials of the granitic magmas. 
A secondary goal for the Poona Rock investigation was to document clearly the 
crystal structures and morphologies found in the six studied samples. This involved 
making SEM secondary and backscattered electron images of representative zircon grains 
from each of the six samples. These data reflect the complex processes which generated 
these populations, including indicating possible genetic relationships between different 
zircon samples. 
During SHRIMP data collection it became clear that magmatic activity at Poona 
Rock occurred only over a short period of time. The time interval between the 
crystallization of the earliest orthogneiss and the emplacement of the post-tectonic 
pegmatite spanned only circa 40 Ma. Thus, Poona Rock offers a rare opportunity to 
place precise constraints on the age of deformation. Such rapid evolution, however, 
demanded that special attention be given to the data assessment process, with particular 
emphasis in understanding the true reliability of the calculated crystallization ages. 
Because of this need, the age of each sample was calculated using both the mean 
207pbj206pb age (see below) and 3-dimensional plane fitting (see chapter 2). 
4.3 Zircon Analytical Methods 
The procedure for measuring zircon U-Th-Pb data with SHRIMP is described 
by Compston et al. (1984), Williams and Claesson (1987), Kinny et al. (1988) and 
Wiedenbeck and Watkins (in press). Interelement ratios were corrected for machine 
induced discrimination using the zircon standard SL3, which has an assigned 206pbf238U 
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radiogenic value of 0.0928 equivalent to 572 Ma. Radiogenic 238U/206pb and 
207Pbj206pb ratios were determined using the measured 204Pbj206pb ratio and a common 
Pb isotopic composition obtained from feldspars. Isobaric interferences on 204pb mass 
station were corrected by subtracting the observed background at a position of ~M = 
+0.04 mass units. The U/Pb data for sample 87-326 were collected during the period 
before October 1987 when SHRIMP was experiencing excess counts on the 204pb mass 
station for which a correction was applied (see appendix A). Ages were calculated using 
the decay constants given by Steiger and Jager (1977). 
When a population of SHRIMP analyses does not show evidence for an ancient 
Pb-loss component, the 'normal' technique for assessing data uses statistical criteria to 
decide which analyses belong to the 'magmatic' population. Analyses are rejected 
because they appear to contain non-magmatic components (i.e. xenocrystic components, 
post-crystallization Pb-loss, high 204pb concentrations). The ultimate crystallization age 
of a sample is based on the weighted, mean radiogenic 207Pbj206pb of the apparently 
least disturbed zircon domains (see Nutman et al. 1991; 1992 for brief descriptions). The 
mean 207pbj206pb age of a sample or sample sub-population is obtained through a four 
step process (see also Claoue-Long et al., 1988): 
1. Analyses which have radiogenic 207pbj206pb ratios 'vastly divergent' from the 
suspected crystallization age of the population are removed from the data pool. 
High 207pbj206pb ratios are attributed to xenocrystic components. Lower 
207pbj206pb ratios are attributed to material which has lost radiogenic Pb 
significantly prior to 0 Ma. 
2. Analyses which show a 'significant' degree of discordance are removed. High 
238Uj206pb values are attributed to large amounts of circa 0 Ma Pb-loss. At this 
stage it is also necessary to decide whether analyses which are reversely 
discordant (i.e. U/Pb ages significantly older than 207pbj206pb ages) should 
also be eliminated from the data pool. 
3. Analyses which have 'excessively high' measured 204Pbj206pb ratios are rejected 
from the pool of data, this makes the final result less sensitive to errors in the 
choice of the isotopic composition of the common Pb. 
4. Finally, the analyses which remain in the data pool are tested for significant scatter. 
This can be done by comparing the scatter observed in the radiogenic 
207pbj206pb values with the degree of scatter predicted from the assigned 
precisions of the individual analyses. This technique is referred to as an F-test 
and is generally conducted at the 95% confidence level. If the F-test fails, it is 
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probable that one or more analyses remain which contain significant non-
magmatic components. In the normal situation where none of the analyses has 
an obviously high 207pbf206pb value (obvious xenocrysts were removed from 
the population during step 1), the excess scatter is attributed to ancient Pb-loss 
or the presence of genuinely younger materials. The samples with strongly 
negative weighted residual are then removed from the data pool. The weighted 
mean of the data is redetermined. The F-test is then reconducted. This process 
of removing analyses and repeating the F-test on the remaining data pool is 
iterated until a single population at the 95% confidence level is obtained. 
This four step procedure is the 'standard' SHRIMP technique for defining the 
components of a cogenetic sub-population contained in a suite of zircons. Once defined, 
this technique also provides a means of determining the age and uncertainty of either 
magmatic or metamorphic sub-populations. This procedure has been employed in 
numerous published accounts, sometimes yielding crystallization ages with precisions of 
± 2 Ma (lcr) (e.g. Compston et al., 1986a; Claoue-Long et al., 1988; Kinny et al., 1988; 
Bowring et al., 1989; Nutman et al., 1991). Often the final age reported is based on less 
than a quarter of the total analyses. It should be noted, however, that the F-test only 
provides an indication of whether a given pool of analyses reflects a homogeneous 
population. As such, the iterative use of the F-test to identify and elimina~e marginally 
deviant outliers cannot be considered statistically rigorous. 
Each step in this statistics-based approach involves a subjective decision making 
process (how much older does an analysis have to be before being attributed to a 
xenocryst? how discordant can a point be and still remain in the pool? how high a 
measured 204pbf206pb will acceptable? should the F-test be conducted at the 95% 
confidence level?). This decision making process is dependent on the data set in 
question, thus it is not possible to formulate an objective set of criteria which can be 
applied to all cases. Generally this decision making process will not radically change the 
final age value obtained. Nonetheless, it is important to be aware of the effects of this 
decision making process, particularly when there is a need for high precision data with 
carefully justified precision estimates. This is the case at Poona Rock. 
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4.4 Precision of Pb/Pb Measurements 
The final F-test rejection procedure is dependent on accurately assigning the 
uncertainties to the radiogenic 207pbf206pb ratios. In the past, the precisions of measured 
Pb isotopic ratios generally were estimated using Poisson ion counting statistics, 
including the propagation of the ion counting uncertainties in the 204pbf206pb ratio. 
Wiedenbeck and Watkins (in press, chapter 2 of this thesis) have demonstrated that errors 
based on ion counting statistics can significantly underestimate true analytical errors as 
based on the scan-by-scan scatter within a single measurement (see figure 2.2). 
Underestimating the errors assigned to the radiogenic 207Pb/206pb of individual 
measurements could result in underestimating the error assigned to the mean of a 
population. Furthermore, underestimating the assigned errors can result in the F-test 
failing when the data, in fact, represent a single population. This would result in 
individual analyses being spuriously rejected as statistical outliers, thereby resulting in 
erroneously old ages being calculated when using the process outlined above. Therefore, 
the observed internal scatter was calculated for each of the 193 U/Pb measurements made 
on zircons from Poona Rock. These numbers, along with the ion counting-based error 
estimates, are reported in the individual data tables. In order to assess the effect of error 
underestimation, the mean radiogenic 207pbf206pb ages were determined using both ion 
counting and observed errors for each of the six samples from Poona Rock. 
4.5 Precision of U/Pb Measurements 
The possibility of underestimating the errors in the 238UJ206pb ratios was also 
investigated. No evidence was found for a covariance between the measured U/Pb and 
207pbf206pb of the individual scans. Hence, the scatter observed between the scans can 
be attributed to one of three causes: 
A. inhomogeneous Pb-loss from the target on the sub-30 µm scale 
B. real changes in the composition of the the target on the time scale of a single scan 
of the mass spectrum (circa 3 minutes) 
C. changes in the U/Pb discrimination factor during the course of an analysis (circa 25 
minutes). 
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The observed scatter in the U/Pb ratios was determined using the standard error of the 
mean of the seven scans of the peak-stepping sequence. This error, in percent, was 
multiplied by the 'true' U/Pb ratio once the data were corrected for machine induced 
interelement discrimination. In general, little difference was found between the observed 
errors within a single analysis and the errors based on the scatter of the SL3 data for the 
given day. The 2% minimum uncertainty (lcr) assigned to the U/Pb ratio is supported by 
this study. 
It is noted that the uncertainties assigned to the U/Pb ratios do not allow for the 
possibility of systematic errors which might be introduced by calibration method. In 
chapter 3 it was concluded that the SHRIMP technique for determining the U/Pb 
discrimination factor may be inappropriate for altered, 204Pb-rich zircons. The possibility 
of inaccurate U/Pb determinations has not be considered here. A total of 9 of the 193 
analyses from this project are more than 5% reversely discordant, representing 5% of the 
total number of analyses. Whether these unusually low U/Pb ratios are real or only 
apparent is not known. 
4.6 Common Pb 
The F-test statistical approach requires the isotopic composition of the common 
Pb to be either known or assumed. By selecting a lower threshold for the measured 
204pbj206pb, the mean age calculated becomes less sensitive to the common Pb 
composition which is assigned. In this study the composition of the common Pb in the 
zircons was defined using the Pb isotopic composition of the coexisting feldspars 
(analytical procedure briefly outlined by Compston et al., 1991). Polished thin sections 
were made for each of the six samples collected from Poona Rock. Between 12 and 16 
ion microprobe measurements were made on the feldspars (both K-feldspar and 
plagioclase) from each sample. A small hole drilled in the glass disk accommodated a Pb-
rich K-feldspar standard which was used to determine both sensitivity and to monitor 
isotopic fractionation (see appendix A). Measurements were made using a modified 
version of the zircon peak-stepping sequence, which included data acquisition on 7 
separate mass stations (table 4.2). Data from the standard show no correlation in their 
207Pb/206pb - 208pbj206pb which would arise from Pb hydride interferences. In order to 
monitor the presence of radioactive parent isotopes, mass stations for both ThQ+ and UQ+ 
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were included in the feldspar peak switching sequence. Only very small amounts of 
TuO+ and UQ+ were detected in the feldspars; no correlation was observed between their 
presence and the measured 204pbf206pb ratios. This implies that the radiogenic Pb 
contained in these feldspars is not the prcx:luct of in situ radioactive decay. 
Table 4.2 
Feldspar Data Acquisition Parameters 
Nominal Species Delay Auto Peak Integration Ty~ical Count 
Mass Time (s) Centering Time (s) ate (c/s) 
196 magnet cycling 3 No 0 0 
204 204pb+ 2 No 40 102 
204.1 background 1 No 5 10-l 
206 206pb+ 1 No 10 103 
207 207pb+ 1 No 10 103 
208 208pb+ 1 Yes 5 103 
248 232Th16o+ 2 No 5 10-l 
254 23su160 + 2 No 5 10-l 
SHRIMP peak-stepping sequence for measuring feldspar Pb isotope data. A seven scan analysis requires 
circa 20 minutes. The final column gives rough order of magnitudes of the count rates expected for the 
various species in a typical feldspar, the actual count rates depend on machine running conditions and the 
Pb concentration of the feldspar target. Compare this table with zircon running conditions given in 
table 1.1. 
The uncertainties assigned to the measured feldspar Pb/Pb ratios were based on 
ion counting statistics. The internal scatter of the seven scans of data showed that the 
precision limits imposed by ion counting reflect the true analytical reproducibility of the 
method. Twenty-six of the least radiogenic analyses were consistent with being a 
statistical group both in 204pbf206pb and 207pbf206pb at the 95% confidence level (table 
4.3, figure 4.3), they give weighted mean isotopic ratios of 204Pb/206pb = 0.07312 ± 
29 and 207pbf206pb = 1.0859 ± 25 (la observed). These are the common Pb values 
used to correct for the non-radiogenic Pb contained in the zircons. A best-fit line through 
the entire 83 analysis data set gives a line with a slope of 10.3 ± 0.2, with a Y intercept of 
0.33 ± 0.01 (la) and with a MSWD of 1.3 (Mcintyre et al., 1966; Williamson, 1968). 
This relatively low MSWD implies that these data represent a two component mixture 
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between the non-radiogenic Pb defined above and a homogeneous, radiogenic Pb 
contaminant. If the radiogenic contaminant came from U-rich phases which crystallized 
at circa 2.7 Ga (which is the magmatic age of Poona Rock based on the zircon data), then 
the 207Pbj206pb intercept of 0.33 would be equivalent to a time integrated component 
which remained closed between 2.7 and circa 2.0 Ga. (Alternatively, the 207pbj206pb 
intercept value of 0.33 might be attributed to a radiogenic system which remained closed 
since circa 3.7 Ga and which provided radiogenic Pb to the feldspars during some young 
event at circa 0 Ma.) 
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Figure 4.3: Pb isotopic ratios for 83 ion microprobe measurements of feldspars from the six samples 
collected from Poona Rock (data given in table 4.3). Open boxes are the individual ratios, filled box is 
the mean of the 26 least radiogenic measurements. Also shown are typical lcr errors for the individual 
measurements as based on ion counting statistics and the best-fit line for the entire data set (Y = 10.3X + 
0.33). 
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Table 4.3 
Pb Isotopic Ratios in Feldspars 
mineral (204/206) 
87-330 Pegmatite 
K-spar margin 
.K.:.s.par altered 
K-spar margin 
K-spar margin 
K-spar margin 
K-sp~in 
K-spar margin 
.K.:.s.par margin 
K-spfil 
K-spar altered 
K-spar margin 
K-spar 
K-spar 
.K.:.s.p.ar 
K-spar 
K-spar margin 
0.0760 ± 15 
0.0542 ± 23 
0.0738 ± 15 
0.0737 ± 15 
0.0730 ± 14 
0.0716 ± 14 
0.0673 ± 14 
0.0729 ± 14 
0.0651 ± 16 
0.0632 ± 13 
0.0704 ± 14 
0.0682 ± 6 
0.0719 ± 6 
0.0710 ± 6 
0.0684 ± 6 
0.0746 ± 16 
87-327 Discordant Aplite 
K-spar 0.0488 ± 8 
.K.:.s.par margin 0.0548 ± 5 
K-spar margin 0.0538 ± 6 
K-spar altered 0.0548 ± 6 
K-spru: 0.0653 ± 10 
K-spar 0.0650 ± 11 
K-spm: 0.0637 ± 12 
K-sp.!!L 0.0578 ± 09 
perthite 0.0520 ± 5 
K-spar altered 0.0532 ± 10 
K-spar margin 0.0505 ± 6 
K~spru: 0.0536 ± 5 
87-329 
K-spar 
K-spar 
K-spar 
K-spar 
K-spar 
.K.:.s.p.m:.. 
K-spJ! 
K-spru: 
Banded Gneiss 
0.0749 ± 13 
0.0733 ± 12 
0.0720 ± 12 
0.0731 ± 12 
0.0731 ± 13 
0.0624 ± 12 
0.0601 ± 13 
0.0623 ± 8 
K-spar altered 
K-spar 
.K.:.s.pm: 
0.0585 ± 21 
0.0729 ± 11 
0.0711 ± 12 
0.0750 ± 12 
0.0758 ± 13 
0.0702 ± 12 
0.0720 ± 12 
K-spar 
K-spar 
K-spm: 
K-spar 
(207 /206) cone. 
1.099 ± 14 
0.797 ± 22 
1.076 ± 14 
1.083 ± 14 
1.056 ± 14 
1.054 ± 13 
1.037 ± 13 
1.047 ± 13 
0.987 ± 16 
0.939 ± 12 
1.086 ± 14 
1.030 ± 6 
1.071 ± 6 
1.070 ± 6 
1.024 ± 6 
1.044 ± 15 
0.812 ± 9 
0.896 ± 6 
0.885 ± 7 
0.908 ± 6 
0.981 ± 10 
0.978 ± 11 
0.985 ± 12 
0.923 ± 10 
0.864 ± 6 
0.868 ± 12 
0.838 ± 7 
0.879 ± 6 
1.080 ± 12 
1.084 ± 12 
1.090 ± 11 
1.057 ± 11 
1.081 ± 12 
0.978 ± 12 
0.972 ± 13 
0.959 ± 8 
0.872 ± 23 
1.067 ± 10 
1.060 ± 12 
1.084 ± 11 
1.120 ± 12 
1.059 ± 11 
1.078 ± 11 
27 
6 
26 
27 
27 
28 
26 
29 
16 
25 
24 
142 
155 
159 
132 
22 
36 
100 
66 
74 
31 
28 
24 
33 
86 
21 
57 
99 
30 
35 
34 
31 
29 
26 
21 
64 
7 
36 
33 
34 
28 
33 
31 
mineral (204/206) (207 /206) cone. 
87-326 
K-spar 
~fil: 
Leucogranite 
0.0670 ± 7 
0.0653 ± 7 
0.0673 ± 7 K:fili.!!L 
K:filiar margin 0.0674 ± 8 
0.0714 ± 6 
0.0668 ± 8 
K:filiru: 
K:filiru: 
.K.:.s.par altered 
.K.:w.!U: 
K:filiru: 
K:filiru: 
K:filiru: 
K:filiru: 
K-spar 
0.0659 ± 7 
0.0692 ± 6 
0.0689 ± 6 
0.0659 ± 8 
0.0727 ± 6 
0.0659 ± 10 
0.0719 ± 8 
Mesocratic Granite 
1.012 ± 6 
1.022 ± 7 
1.022 ± 8 
1.009 ± 7 
1.069 ± 6 
1.018 ± 8 
1.006 ± 7 
1.036 ± 5 
1.045 ± 5 
1.007 ± 8 
1.067 ± 5 
1.010 ± 10 
1.078 ± 7 
87-328 
K-spar 
K-spar 
0.0726 ± 13 1.100 ± 11 
K-spar 
K-spar 
K-spar 
K-spar margin 
K-spar altered 
K:fil>ru: 
K-spar 
K-spar 
&lip!![ 
K-spar altered 
plag. margin 
lllll· 
plag. interior 
0.0739 ± 14 1.082 ± 13 
0.0728 ± 12 1.089 ± 11 
0.0758 ± 13 1.096 ± 11 
0.0730 ± 12 1.097 ± 11 
0.0758 ± 13 1.094 ± 12 
0.0713 ± 12 1.075 ± 11 
0.0690 ± 12 1.030 ± 12 
0.0724 ± 13 1.108 ± 11 
0.0739 ± 13 1.104 ± 12 
0.0704 ± 14 1.066 ± 13 
0.0702 ± 13 1.017 ± 12 
0.0683 ± 10 1.008 ± 9 
0.0681 ± 11 1.048 ± 10 
0.0666 ± 12 1.033 ± 12 
87-331 Foliated Gneiss 
K-spar altered 0.0701 ± 15 
K-spar 0.0739 ± 15 
K-spar 0.0741 ± 16 
K:fil>l!I: 0.0716 ± 15 
&lip!![ 0.0694 ± 15 
.K.:.s.p~ 0.0696 ± 15 
K-spar 0.0742 ± 13 
K:fil>ru: 0.0746 ± 15 
K-spar 0.0725 ± 14 
K:fil>ru: 0.0748 ± 14 
.K.:.s.par altered 0.0660 ± 15 
.K.:.s.par altered 0.0690 ± 15 
1.048 ± 15 
1.076 ± 15 
1.093 ± 15 
1.053 ± 15 
1.063 ± 15 
1.067 ± 15 
1.096 ± 13 
1.065 ± 14 
1.072 ± 14 
1.063 ± 13 
1.017 ± 15 
1.058 ± 15 
103 
95 
96 
80 
130 
71 
89 
155 
157 
60 
167 
38 
82 
58 
57 
56 
57 
51 
58 
50 
51 
49 
44 
43 
44 
76 
63 
47 
23 
23 
22 
22 
21 
22 
28 
24 
25 
27 
17 
20 
Measured Pb isotopic ratios for feldspars from the six Poona Rock samples. Uncertainties quoted refer to 
the final digit and are lcr errors of the mean as based on ion counting statistics. The concentration of 
total Pb is in ppm by weight. Underlined analyses indicate those analyses which were excluded from the 
weighted mean non-radiogenic determination of 204pb;206pb = 0.07312 and 207pb;206pb = 1.0859. 
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4.7 Zircon Results from Banded Gneiss 87-329 
This sample is from a compositionally banded gneiss which possesses a well 
defined, regular foliation (figure 4.2). The dominant phase within this rock is a granitic 
gneiss composed of medium grained, equigranular quartz, K-feldspar, plagioclase, 
green-brown biotite and dark greenish-brown hornblende with accessory muscovite, 
zircon, chlorite and opaques. The foliation is defined by the orientation of the biotite and 
elongate concentrations of biotite and hornblende. A second, minor component within 
this sample is composed of coarse, recrystallized, quartz, K-feldspar and plagioclase 
which form discontinuous bands up to a centimeter wide and which are parallel to the 
foliation. This rock is interpreted to be derived from a biotite-hornblende granite which 
contained a significant coarse-grained, leucocratic component and which subsequently 
experienced deformation and recrystallization. Sample 87-329 has been assigned to the 
(M2) phase which is seen on a regional scale (J. Myers, pers. comm.). 
The zircon analyses from this sample were grouped, using petrographic 
microscope observations, into three categories based on internal structure, color and 
relative positions within the grains: 
CLEAR -- dark reddish brown to red in color, euhedral, elongate regions, off-white in 
reflected light, may independently form entire grains (e.g. grain 14), but more 
commonly is overgrown by margin-type zircon 
OPAQUE -- rare euhedral, opaque regions which are off-white in reflected light with 
no visible zoning, the opaque zircon type may represent a metamict version of 
the clear-type zircon 
MARGINS -- colorless to pale yellow in transmitted light, strongly zoned appearance 
in reflected light, generally form as overgrowths on the tips of other zircon 
types. 
The true complexity of the zircons from sample 87-329 becomes apparent in secondary 
(SCE) and backscattered electron (BSE) images (figure 4.4). Grain interiors typically 
show euhedral growth structures in the BSE images (examples are analyses 6.1, 7.2, 
7.3, 9.1 and 15.2). With the exception of grain 9, such zoned structures are generally 
not visible in the SCE images. Grain interiors show a wide variety of structures: 
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Grain 1 has an interior which is relatively homogeneous but contains an outer shell of 
euhedrally wned material 
Grains 7, 9 and 15 possess interiors with well developed euhedral banding which 
formed both pyramids and prisms 
Grain 14, which consists only of interior-type zircon, has a dendritic structure (the 
wedge-shape appearance is interpreted as the result of an oblique sectioning of 
euhedral growth structures) 
Grain 10 has an interior which contains a small zoned core which is truncated by 
massive zircon. 
Another important characteristic of the zircons from 87-329 is the universal presence of 
thin, euhedral 'dark bands' which overgrew all grain interiors (particularly visible in 
grains 1, 6 and 15 SCE images). These narrow bands do not truncate the structures 
contained in grain interiors. The bands are dark in BSE images, they appear etched in 
SCE images and opaque in transmitted light, all of which suggest elevated trace element 
contents. Four ion microprobe 'mixed' analyses (table 4.4), which unintentionally 
included this thin band, show elevated U and Th concentrations. The euhedral shape and 
constant width of this band implies that no period of corrosion affected this zircon 
population prior to its crystallization. Except for grain 14, all zircons from 87-329 have 
euhedrally zoned margins which preferentially formed on the tips of preexisting interiors. 
The information provided by the scanning electron microscope implies a three 
phase growth history for the zircons in sample 87-329. Phase one involved the formation 
of grain interiors under highly heterogeneous conditions. Phase two involved the 
development of a common environment, which resulted in the formation of the thin 'dark 
bands'. Phase three resulted in the growth of euhedrally zoned margins which 
preferentially formed tips on nearly all preexisting grains. Except for the core which is 
visible in grain 10, no evidence is found for corrosion or recrystallization processes. 
Figure 4.4 (overleaO: Scanning electron microscope images of representative zircons from banded 
gneiss sample 87-329. Left side of each pair shows the topography of the etched surface obtained from 
secondary electrons. Right side of each pair shows the variations in mean density in the backscattered 
electron image. Open circles on the secondary electron images are equivalent to 25 µm in diameter and 
show the locations of the individual ion microprobe analyses. The numbers given along the sides of the 
images give the analysis numbers for the given zircon grain (see data table). A 200 µm graphical scale is 
given at bottom of figure. These grains were previously etched in cold hydrofluoric acid vapor for 10 
seconds; strongly attacked zones appear as white or patchy regions on secondary electron images. 
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Table 4.4 
Ion Microprobe Data for Banded Gneiss Sample 87-329 
grain ill~i!l!ured I!!l:iQS % % wt% rnl:iiQg~nk age 
.spot 238/206 207/206 204/206 com. cone. u Th 238/206207/206 (Ma) 
87-329 Clear 
1.2 1.86 ± 04 01 0.2260 ± 11 29 0.0031 ± 14 I 24 4.2 98 0.018 0.011 1.94 0.1882 2726 ± 22142 
2.3 2.00 ± 04 02 0.2004 ± 13 26 0.0012 ± 10 I 21 1.6 94 0.020 0.013 2.03 0.1861 2708 ± 18 I 37 
3.1 1.84 ± 04 01 0.2196 ± 06 09 0.0029 ± 08 I 07 3.9 IOI 0.08 0.008 1.91 0.1842 2691±121 13 
6.1 1.95 ± 04 01 0.2127 ± 05 08 0.0021±06 06 2.9 95 0.08 0.07 2.01 0.1865 2712 ± 09111 
7.2 1.77 ± 04 03 0.2112 ± 09 13 0.0022 ± 10 11 3.0 106 0.033 0.027 1.83 0.1839 2688 ± 16 I 19 
7.3 1.91 ± 04 02 0.2325 ± 09 09 0.0036 ± 12 07 4.9 94 0.029 0.006 2.01 0.1881 2725 ± 18 118 
8.1 1.98 ± 04 01 0.1920 ± 08 06 0.0004 ± 05 05 0.6 96 0.025 0.014 1.99 0.1866 2713 ± 10 110 
9.1 1.44 ± 03 01 0.3250 ± 05 05 0.0041±06 04 5.6 96 0.08 0.06 1.52 0.2801 3364 ±06106 
9.3 0.67 ± 01 01 0.5010 ± 04 15 0.0262 ± 08 12 35.8 193 0.13 0.31 1.04 0.1754 2610 ± 19 I 44 
10.1 1.49 ± 03 02 0.4438 ± 06 29 0.0218 ± 13 23 29.8 96 0.10 0.09 2.13 0.1708 2566 ± 28 166 
14.1 1.70 ± 03 01 0.2324 ± 06 06 0.0014 ± 05 05 1.9 99 0.06 0.04 1.74 0.2158 2949 ±08108 
14.2 1.85 ± 04 05 0.3582 ± 10 22 0.0126 ± 20 18 17.2 79 0.05 0.04 2.23 0.2072 2883±30136 
14.3 2.06 ± 04 02 0.2498 ± 08 14 0.0026 ± 08 12 3.5 80 0.06 0.06 2.14 0.2192 2975 ± 11 I 17 
15.2 2.53 ± 05 02 0.2280 ± 09 14 0.0035 ± 12 12 4.8 72 0.031 0.05 2.66 0.1850 2698±20121 
16.1 2.03 ± 04 02 0.2040 ± 14 20 0.0012 ± 12 16 1.6 91 0.011 0.005 2.06 0.1899 2742±20128 
'17 .1 1.98 ± 04 02 0.2125 ± 13 15 0.0003 ± 08 13 0.4 89 0.016 0.006 1.98 0.2088 2896± 14119 
19.1 1.92 ± 04 02 0.2191 ± 05 10 0.0032 ± 07 08 4.4 98 0.10 0.021 2.01 0.1796 2649 ± 111 15 
20.1 1.81 ± 04 02 0.4091 ± 06 17 0.0186 ± 01 14 25.4 81 0.11 0.07 2.43 0.1787 2641±24137 
87-329 Opaque 
11.1 3.13 ± 06 I 08 0.5452 ± 041 11 0.0302 ± 10 I 09 41.3 40 0.6 4. 5.33 0.1646 2504 ± 26148 
18.1 1.63 ± 03 I 01 0.5393 ± 04 I 17 0.0292 ± 09 I 14 39.9 74 0.30 1.41 2.70 0.1765 2621±23 I 51 
18.2 1.00 ± 02 I 01 0.5067 ± 04 I 16 0.0266 ± 09 I 13 36.4 127 0.18 0.16 1.58 0.1751 2607±20147 
87-329 Margins 
1.1 1.87 ± 041 05 0.1919 ± 041 10 0.0005 ± 02 08 0.7 102 0.15 0.010 1.88 0.1856 2704 ±04114 
2.1 1.34 ± 03 I 02 0.4534 ± 04 I 12 0.0225 ± 09 10 30.8 105 0.22 0.21 1.94 0.1719 2576± 20134 
4.1 2.30 ± 051 03 0.2189 ± 08 I 20 0.0026 ± 10 16 3.5 80 0.06 0.035 2.38 0.1874 2719 ± 15128 
5.1 1.75 ± 04166 0.2515 ± 08 I 14 0.0054 ± 12 11 7.4 102 0.07 0.07 1.89 0.1849 2697 ± 19122 
6.2 0.92 ± 02101 0.5116 ± 04 I 07 0.0272 ± 09 06 37.2 139 0.18 0.13 1.47 0.1713 2570± 23138 
7.1 1.11 ± 02 I 02 0.4779 ± 04 I 14 0.0246 ± 10 12 33.6 123 0.18 0.07 1.67 0.1700 2557 ±23142 
9.2 2.33 ± 05111 0.3064 ± 05 I 20 0.0112 ± 09 16 15.2 76 0.28 0.24 2.75 0.1662 2519 ± 17 I 39 
10.2 2.08 ± 041 04 0.3566 ± 05 I 18 0.0151 ± 11 14 20.6 79 0.16 0.10 2.62 0.1671 2529 ±22138 
12.1 1.90 ± 041 01 0.2077 ± 06 I 08 0.0016 ± 06 07 2.1 98 0.05 0.04 1.94 0.1884 2727 ±09110 
13.1 1.77 ± 041 06 0.2306 ± 10 I 19 0.0035 ± 13 16 4.7 102 0.038 0.038 1.86 0.1882 2728±20128 
15.1 1.19±02101 0.5515 ± 04 I 17 0.0303 ± 09 14 41.5 100 0.25 0.18 2.03 0.1729 2586±22155 
16.2 1.15 ± 021 02 0.5427 ± 04 I 12 0.0296 ± 09 10 40.5 105 0.26 0.08 1.93 0.1728 2585 ±23146 
87-329 Mixed Analyses 
2.2 1.05 ± 021 01 0.5078 ± 04 I 13 0.02663 ± 10 I 11 36.4 121 0.14 0.17 1.64 0.1767 2622± 24141 
11.2 2.21±041 05 0.5375 ± 04 I 12 0.02947 ± 10 I 10 40.3 56 0.33 0.5 3.70 0.1672 2530 ± 26147 
11.3 1.22 ± 02 I 04 0.5468 ± 04 I 10 0.03043 ± 10 I 08 41.6 102 0.22 0.14 2.10 0.1626 2483 ± 26148 
17.2 1.83 ± 04 I 04 0.2114 ± 04 I 10 0.00232 ± 05 I 09 3.2 103 0.20 0.04 1.89 0.1828 2679 ±08115 
Ion microprobe data for 37 analyses of zircons from sample 87-329. Measured 238uf206pb ratios are 
corrected for interelement discrimination using the SL3 zircon standard, which has an assigned age of 572 
Ma The measured Pb/Pb ratios are not corrected for any possible mass fractionation. The values for the 
% common 206pb, % concordant, radiogenic 238uf206pb, radiogenic 207pb/206pb and 207pb/206pb 
ages are based on the the observed 204pb contents and a common Pb defined by the least radiogenic 
component detected in the feldspars (204pb/206pb = 0.07312 ± 29, 207pbf206pb = 1.0859 ± 25). The 
% concordant is the percent Pb-loss with respect to the U/Pb ratio of a system which has remained closed 
(table 4.4 captions continued ... ) 
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(table 4.4 captions continued) 
since the age of the individual analysis. Precision estimates are given based both on Poisson ion 
counting statistics (before the vertical bars) and the observed internal scatter between the seven scans of 
the mass spectrum (after the vertical bars). In the case of the 238u/W6pb ratio, the precision estimate 
which is given before the vertical bar is based on the observed reproducibility of the U/Pb ratio in repeat 
measurements of the SL3 standard zircon. Precision estimates for the ages of the individual analyses 
include the propagation of the uncertainties in the common Pb composition. The precision estimates for 
the age which appear before the vertical bar are based only on ion counting errors for the measured Pb/Pb 
ratios. The value given after the final vertical bar is based on either the ion counting or observed error of 
the Pb/Pb ratios, depending on which is the larger. The structural groups correspond to those discussed in 
the text and are based on observations using the petrographic microscope. All errors are in lcr and refer to 
the final digit of the quoted value. 
Thirty-seven ion microprobe U/Pb analyses were made on a total of 20 zircons 
extracted from sample 87-329 (table 4.4). Using the feldspar Pb composition to correct 
for the non-radiogenic Pb, many of these data fall on or near concordia, though a 
significant number of measurements gave both normally or reversely discordant U/Pb 
ratios (figure 4.5). A large proportion of these concordant data give ages between 2.75 
and 2.65 Ga, this group of data is assumed to reflect the emplacement age of this sample. 
0.30 .0 87-329 p.. \0 
~ 
-.0 D p.. clear 0.25 !""-0 
N 
• 0°0/ opaque • margin 0.20 i, ~ mixed 
f@ @ • 0.15 238u I 206pb 
1 2 3 4 5 
Figure 4.5: Tera and Wasserburg (1974) concordia diagram for banded gneiss sample 87-329. The data 
have been corrected for non-radiogenic Pb using the observed 204pb content and the mean feldspar 
isotopic composition of 204pb/206pb = 0.07312 ± 29 and 207pbf206pb = 1.0859 ± 25. The U/Pb ratio 
has been corrected for the ion microprobe's interelement discrimination using the SL3 zircon standard 
which has an assigned age of 572 Ma. The inset shows an enlargement of the most concordant data 
points. The data have been divided by grain morphology (see text for description of zircon types as 
observed using a petrographic microscope). Error ellipses are lcr and are based on either the observed or 
the ion counting errors, which ever is the larger. 
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The F-test evaluation of these data begins by removing the five analyses (9 .1, 
14.1, 14.2, 14.3 and 17.1) which have radiogenic 207Pb/206pb ages distinctly older than 
2750 Ma. Next, the eight most discordant analyses (4.1, 9.2, 10.2, 11.1, 11.2, 15.2, 
18.1 and 20.1), those which are less than 85% concordant, are eliminated from the data 
pool. Likewise, the five analyses which give highly reversely discordant U/Pb ratios 
(2.2, 6.1, 7.1, 9.3 and 18.2) can also be removed from the pool of data. Finally, by 
selecting a cut-off 204pbf206pb ratio of 0.00366, equivalent to having greater than 95% 
radiogenic 206Pb, a further six analyses (2.1, 5.1, 10.1, 11.3, 15.1and16.2) need to be 
removed from the data pool. This leaves altogether 13 analyses (1.1, 1.2, 2.3, 3.1, 6.2, 
7.2, 7.3, 8.1, 12.1, 13.1, 16.1, 17.2 and 19.1) on which to begin F-testing to determine 
if these data are likely to represent a single population. 
Using the ion counting-based error estimates and removing iteratively the single 
sample with the most negative residual requires that two analyses (in order: 19.1 and 
17 .2) be removed before the remaining radiogenic 207pbf206pb ratios represent a single 
population at the 95% confidence level. This gives an age of 2709 ± 4 Ma (lcr) (table 
4.5). Alternatively, applying the F-test method to the observed errors requires that only 
one analysis (19.1) be removed to produce a single population at the 99%, 95% and 90% 
confidence levels. This yields an age of 2710 ± 5 Ma for the pool of data. (It is noted 
that were the common Pb cut-off criterion set at greater than 98% radiogenic 206Pb, ages 
of 2707 ± 6 and 2712 ± 8 Ma would have been obtained for ion counting and observed 
errors, respectively). 
The plane-fitting approach applied to the 18 analyses of clear-type zircon gives a 
MSWD of 78, thereby confirming that these analyses do not represent a single population 
(table 4.5). Removing the five analyses which appear to be xenocrysts (9.1, 14.1, 
14.2, 14.3 and 17.1), the remaining 13 measurements yield a plane with a MSWD of 
2.1, which is still unacceptable at a reasonable confidence level. Analysis 19.1 has a 
residual of -3.4, suggesting Pb-loss prior to t2. It is noted that the region of grain 19 
which was analyzed does not appear unusual, even though it is the only analysis which 
deviates by greater than two standard deviations from the best-fit plane. Removing 
analysis 19.1 produces a pool of 12 analyses which forms a best-fit plane with a MSWD 
of 0.82 and with an upper concordia intercept age of 2713 ± 6 Ma (lcr). This age is the 
preferred estimate for the time of crystallization of the clear-type zircon. This best-fit 
plane and its associated error hyperboloid give a weighted residual for the feldspar 
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common Pb composition of +4.4, indicating that the Pb contained in the feldspars was 
not the source of the non-radiogenic Pb contained in this zircon sub-population. 
Table 4.5 
F-Test and Best-Fit Plane Parameters for Banded Gneiss 
Sample 87-329 
F-Test Results 
Error Type N max. 204Pb/206Pb min.% cone. confidence limit age 
counting statistics 11 0.0036 85 95% 2709 ± 4 
observed 12 0.0036 85 99% 2710 ± 5 
observed 12 0.0036 85 95% 2710 ± 5 
observed 12 0.0036 85 90% 2710 ± 5 
counting statistics 4 0.0014 85 95% 2707 ± 6 
observed 4 0.0014 85 95% 2712 ± 8 
Best-Fit Plane Results 
Group N a b c residual tl t2 N>±2cr MSWD prob. 
all analyses 3 7 -0.0210 ± 8 0.243 ± 2 10.97 ± 3 9.3 2871 ± 38 711 ± 22 31 150.34 0.000 
clear 18 -0.0570 ± 24 0.321 ± 5 8.98 ± 11 19.8 3021±10 1421 ± 38 15 77.72 0.000 
clear non-xeno. 13 -0.0000 ± 23 0.186 ± 5 11.99 ± 10 4.0 2704 ± 6 3 ± 104 1 2.12 0.020 
clear w/o 19.1 12 -0.0001 ± 22 0.187 ± 5 11.95 ± 10 4.4 2713 ± 6 4± 103 0 0.82 0.597 
margin 12 -0.0128 ± 28 0.212 ± 6 11.55 ± 9 5.7 2726 ± 7 510 ± 99 0 2.26 0.016 
marg U>lOOO ppm 6 -0.0178 ± 36 0.219 ± 8 11.60±12 3.3 2693 ± 16 697 ± 118 0 0.92 0.432 
Summary of age results for sample 87-329. The upper portion of the table gives the results based on the 
F-test technique using both ion counting and the observed errors of the the individual measurements. N is 
the number of analyses used to define the given final result. The values for maximum 204pb/206pb, 
minimum % concordance and F-test confidence limit indicate the parameters used to select the final 
population which defines the mean age of the sample. The 207pbj206pb ages for the individual analyses 
used to determine the mean age are given in this sample's data table (table 4.4). The lower portion of 
the table gives the results of the best-fit plane technique. Group refers to the classification of the analyses 
(based on grain structure, apparent age of individual analysis or chemical composition) as discussed in the 
text. The values for a, band c give the parameters for the best-fit plane (Y = aX + b + cZ). Residual is 
the distance of the mean feldspar Pb composition from the indicated best-fit plane expressed as the ratio of 
the distance in the 207pbf206pb ratio divided by the uncertainty of this distance and includes the 
propagation of the best-fit plane's error hyperboloid: positive values indicate that the feldspar data lie 
above the best-fit plane. The values for t1 and t1 give the upper and lower concordia intercepts of the 
best-fit plane, respectively. The column third from the right indicates the number of analyses which 
remain in the pool with residuals greater than ± 2. The final two columns give the MSWD (mean square 
weighted deviation) and the x2 probability of fit of these data with respect to the indicated best-fit plane. 
All errors are lcr and refer to the final digit of the corresponding value. 
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Nearly all the zircons extracted from 87-329 have strongly zoned overgrowths. 
It is not known if this margin-type sub-population represents the main magmatic event or 
later, in situ growth. The presence of structurally and chemically similar overgrowths in 
younger, post-tectonic lithologies argues in favor of the in situ formation of the grain 
margins. Applying the plane-fitting approach to the 11 analyses of margin-type zircon 
yields a large MSWD of 2.2, indicating that these data probably do not represent a single 
population. This is not a surprise, since the concordia diagram (figure 4.5) shows 
significant dispersion in the radiogenic 207pbj206pb values measure on the margin-type 
zircon. Four young, concordant analyses of margin-type zircon have U concentrations 
above 1000 ppm (1.1, 2.1, 15.1 and 16.2). A further two discordant analyses of 
margin-type zircons (9.2 and 10.2) also fit this geochemical criterion (analyses 6.1 and 
7 .1 were removed because they are reversely discordant). A plane fitted to these six 
measurements has a low MSWD of 0.9 and yields an upper concordia t1 intercept age of 
2693 ± 16 Ma, interpreted as the likely age of formation of this zircon sub-population. 
The orientation and error hyperboloid of this plane yield a weighted residual of +3.3 for 
the feldspar Pb, implying that the feldspar did not provide the 204pb contained in the 
zircons. No obvious structural or morphological differences exist between the high and 
the low U content margin-type zircons. 
At the 2cr level, the 2713 ± 6 Ma (lcr) age determined for the clear-type interiors 
is statistically indistinguishable from the 2693 ± 16 Ma age obtained for the margin-type 
zircon. Because of the relatively large uncertainty in the age of the overgrowths, it is not 
possible to tightly constrain the length of time between the crystallization of the grain 
interiors and their subsequent concentration into a common environment. The F-test 
approach yielded ages indistinguishable from those calculated using the best-fit plane 
method. 
4.8 Zircon Results from Strongly Foliated Gneiss 87-331 
This sample is from a mineralogically homogeneous gneiss which has a well 
developed foliation (figure 4.2). It is composed of quartz, K-feldspar (strongly 
altered), plagioclase, biotite with minor amounts of chlorite, epidote, zircon and opaques. 
The sample shows a heavily recrystallized fabric with the foliation being mainly defined 
by elongate ribbons of quartz. This sample is interpreted as a leucocratic, equigranular 
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granite which subsequently underwent extensive deformation and recyrstallization. 
Sample 87-331 is interpreted as belonging to the (M2) orthogneiss phase which is seen 
on a regional scale (Myers, 1990). Field data were unable to establish an age relationship 
between the strongly foliated and banded gneiss phases. 
The zircon analyses from this sample were grouped, using petrographic 
microscope observations, into two categories based on color and relative positions within 
the grains: 
INTERIORS -- massive or zoned, dark brown material which varies both in shape and 
in reflectivity, generally overgrown by a younger generation of zircons 
MARGINS -- colorless to pale in transmitted light, finely zoned, euhedral material 
which exists exclusively as overgrowths on preexisting grain interiors and 
which has preferentially formed on grain tips, generally white in reflected light. 
Secondary (SCE) and backscattered electron (BSE) images of representative zircons 
from 87-331(figure4.6) reveal a relatively homogeneous zircon population. Euhedral 
grain interiors are generally massive (examples are analyses 17.1, 26.1 and 28.1) or 
weakly zoned (18.1 and 25.1). Also common to nearly all grains is the presence of 
euhedral overgrowths which show a fine, weak zoning in BSE images (e.g. 12.2, 18.2, 
25.2 and 31.2). By direct comparison of the various grains, a detailed sequence of 
events can be defined which is, at least in part, common to all grains present in this 
sample: 
phase 1 -- early massive zircon growth to form either elongate (grains 26 and 28) or 
equant zircon (grains 17 and 25) 
phase 2 -- formation of euhedrally zoned zircon which either formed new zircon grains 
(grains 12 and 18) or produced overgrowths on preexisting material; this zoning 
can be either strongly expressed (grains 17 and 26) or subdued in appearance 
(grain 25) in the BSE images 
phase 3 -- irregular growth which subsequently became highly altered (grains 17, 26, 
28 and 31) and now appear in SCE images as regions which were strongly 
attacked during hydrofluoric acid vapor etching 
phase 4 -- resorption of phase 3 material (grains 26, 28 and 31) to form embayments, 
also possible partial recrystallization of of phase 1 and 2 materials (grain 25) 
though this event need not have been coeval with phase 4 resorption 
phase 5 -- formation of euhedral overgrowths which formed preferentially on grain 
terminations. 
Chapter 4: Poona Rock 
124 
Clearly these zircons reflect a multiphase history. The margin-type zircon in this sample 
is similar in appearance to the overgrowths found in the other gneissic sample 87-329; 
furthermore, the margin-type zircon found in the two gneiss samples have similar U and 
Th contents which might also suggest a genetic relationship. 
Forty-one ion microprobe U/Pb analyses were made on a total of 32 grains 
extracted from sample 87-331(table4.6). Using the feldspar Pb composition to make a 
204pb correction causes the major part of the data to form a concordant group (figure 
4.7). Based on this cluster of analyses, the crystallization age of this sample is estimated 
at 2.7 Ga. A number of analyses also show radiogenic 207pbj206pb ratios considerably 
lower than this group, indicating that one or more non-Recent events also affected this 
zircon population. 
The F-test evaluation of these data starts by removing those analyses which are 
discordant. Since this data set forms a continuum of 238Uj206pb values, the cut-off 
criterion is inherently arbitrary. A value of 2.14 was selected, equivalent to being 90% 
concordant (see inset in figure 4. 7). This criterion eliminates 28 analyses from the pool 
of data. Furthermore, based on having a distinctly lower radiogenic 207pbj206pb ratio, 
analysis 18.2 can be eliminated from the data set. The remaining analyses all have 
204pbj206pb ratios less than 0.0020 which is equivalent to having a minimum of 97% 
radiogenic 206Pb. This leaves a total of 12 analyses (2.1, 4.1, 5.1, 8.1, 21.1, 23.2, 
25.1, 25.2, 26.1, 28.1, 29.1 and 32.1) on which to begin F-testing to determine if these 
data likely represent a single population. 
Using ion counting error estimates for the individual analyses indicates that 
significant scatter exists within the data set at the 95% confidence level. By removing the 
sample with the most negative residual (21.1) a data set is obtained which passes the F-
test at the 95% confidence level and which has a weighted mean radiogenic 207pbj206pb 
age of 2702 ± 4 Ma (lcr) (table 4.7). Using the observed errors the group of 12 
analyses gives a weighted mean age of 2704 ± 4 Ma which passes the F-test at the 99%, 
95% and 90% confidence levels. 
Figure 4.6 (overleaf): Scanning electron microscope images for representative zircon grains from 
foliated gneiss sample 87-331. See the legend for figure 4.4 for further information. 
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Table 4.6 
Ion Microprobe Data for Foliated Gneiss Sample 87-331 
grain measured ratios % % wt% radio genie age 
.spot 238/206 207/206 204/206 com. cone. u Th 238/206207/206 (Ma) 
87-321 Interiors 
1.1 2.57 ± 05 I 01 0.2376 ± 06 I 25 0.00422 ± 09 I 20 5.8 70 0.09 0.07 2.73 0.1856 2704 ± 15 37 
2.1 2.03 ± 04 I 01 0.1949 ± 07 I 04 0.00061 ± 04 I 03 0.8 93 0.06 0.032 2.05 0.1873 2719 ± 08 08 
4.1 1.96 ± 04 I 01 0.1905 ± 07 I 11 0.00039 ± 03 I 09 0.5 97 0.06 0.005 1.97 0.1857 2704 ± 07 16 
5.1 1.99 ± 04 I 01 0.1918 ± 09 I 08 0.00055 ± 05 I 06 0.8 % O.Q35 0.013 2.01 0.1850 2698 ± 10 12 
6.1 4.60 ± 091 05 0.1044 ± 03 I 11 0.00014 ± 01 I 08 0.2 73 0.37 0.12 4.61 0.1026 1672 ± 06 30 
7.1 3.10 ± 061 05 0.2343 ± 06 I 24 0.00668 ± 10 I 19 9.1 67 0.14 0.021 3.41 0.1487 2331±21 47 
8.1 2.08 ± 04 I 01 0.1865 ± 121 16 0.00021 ± 04 I 14 0.3 93 0.017 0.008 2.08 0.1839 2689 ± 13 23 
9.1 5.44 ± 11 I 14 0.2715 ± 08 I 20 0.00786 ± 14 I 17 I 0.7 33 0.16 0.08 6.09 0.1734 2591 ± 24 35 
11.1 2.51 ± 05 I 04 0.3035 ± 06 I 15 0.01042 ± 12 I 12 14.2 69 0.16 0.025 2.93 0.1734 2591 ±21 27 
12.1 2.44 ± 05 I 02 0.2114 ± 06 I 12 0.00202 ± 07 I 10 2.8 76 0.08 0.05 2.51 0.1864 2711±11 17 
13. I 2.56 ± 05 I 04 0.2025 ± 08 I 12 0.00138 ± 07 I 10 1.9 74 0.05 0.031 2.61 0.1855 2703 ± 11 17 
14. I 2.57 ± 05 I 09 0.2567 ± 08 I 20 0.00628 ± 13 I 16 8.6 70 0.08 0.10 2.81 0.1788 2642 ± 22 32 
15. I 2.12 ± 041 02 0.2084 ± 07 I 13 0.00199 ± 08 I 11 2.7 89 0.06 0.032 2.18 0.1839 2688 ± 12 19 
16. I 2.24 ± 04 I 01 0.2249 ± 06 I 19 0.00311 ± 08 I 16 4.3 82 0.09 0.04 2.34 0.1867 2713 ± 12 I 28 
17. I 2.70 ± 05 I 04 0.2311 ± 05 I 18 0.00495 ± 08 I 15 6.8 71 0.16 0.10 2.90 0.1690 2548 ± 14 I 31 
18. I 2.18 ± 04 I 02 0.2397 ± 06 I 09 0.00441 ± 08 I 07 6.0 83 0.10 0.045 2.32 0.1855 2702 ± 13 I 15 
19. I 2.55 ± 05 I 05 0.2305 ± 14 I 43 0.00476 ± 22 I 35 6.5 75 0.022 0.027 2.73 0.1710 2567 ± 38170 
20.1 2.91 ± 06 I 07 0.2259 ± 06 I 15 0.00340 ± 08 I 12 4.7 63 0.11 0.04 3.05 0.1839 2689 ± 13 I 22 
21.1 2.09 ± 041 01 0.1944 ± 08 I 14 0.00094 ± 06 I 12 1.3 92 0.05 0.036 2.12 0.1828 2678 ± 11 I 21 
22.1 6.74 ± 14 I 29 0.3854 ± 13 I 19 0.01713 ± 28 I 15 23.4 23 0.12 0.07 8.80 0.1710 2567 ± 57 I 61 
23. I 3.40 ± 07 I 02 0.2601 ± 09 I 19 0.00619 ± 15 I 16 8.5 52 0.06 0.034 3.72 0.1838 2687 ± 241 31 
23.2 2.04 ± 041 01 0.2069 ± 08 I 08 0.00187 ± 09 I 06 2.6 92 0.05 0.011 2.09 0.1838 2688 ± 15 I 15 
24.1 2.04 ± 041 03 0.2572 ± 08 I 63 0.00581 ± 12 I 52 7.9 87 0.08 0.04 2.22 0.1857 2705 ± 19 I 97 
25.1 1.93 ± 04 I 01 0.1898 ± 121 13 0.00008 ± 05 I I 0 0.1 98 0.015 0.009 1.93 0.1889 2733 ± 13 I 17 
26.1 1.96 ± 04 I 01 0.1977 ± 13 I 20 0.00114 ± 11116 1.6 97 0.021 0.010 1.99 0.1836 2686±20128 
27 .1 3.40 ± 07 I 02 0.2328 ± 10 I 26 0.00360 ± 14 I 21 4.9 53 O.Q38 0.026 3.58 0.1886 2730 ± 211 37 
28.1 2.02 ± 04 I 01 0.1868±12113 0.00023 ± 05 I 11 0.3 95 0.017 0.008 2.03 0.1840 2689 ± 13 I 19 
29.1 1.97 ± 04 I 01 0.1845± 11117 0.00005 ± 02 I 14 0.1 98 0.024 0.010 1.97 0.1839 2688 ± 10 I 24 
30.1 2.20 ± 05 I 02 0.1959 ± 12 I 15 0.00067 ± 08 I 13 0.9 86 0.022 0.012 2.22 0.1877 2722± 16122 
31.1 4.13 ± 08 I 13 0.3477 ± 05 I 25 0.01753 ± 12 I 23 24.0 54 0.4 0.09 5.43 0.1149 1878 ± 39 I 90 
32.1 2.00 ± 041 01 0.1871 ± 12 I 04 0.00014 ± 04 I 03 0.2 96 0.021 0.006 2.00 0.1854 2702 ± 121 12 
87-331 Margins 
3.1 2.73 ± 061 04 0.2065 ± 06 I 126 0.00280 ± 07 I I 0 3.8 72 0.17 0.10 2.84 0.1715 2572± 12120 
10.1 2.32 ± 051 02 0.1942 ± 07 I 09 0.00081 ± 05 I 07 1.1 82 0.07 0.022 2.35 0.1842 2691 ±09112 
12.2 2.56 ± 05 I 19 0.2330 ± 05 I 08 0.00417 ± 08 I 06 5.7 72 0.14 0.04 2. 71 0.1814 2665 ± 12112 
17 .2 5.53 ± 11 I 11 0.2995 ± 07 I 15 0.01233 ± 15 I 12 16.9 36 0.32 0.07 6.65 0.1400 2227 ± 34141 
18.2 2.07 ± 041 05 0.1943 ± 04 I 06 0.00143 ± 04 I 05 2.0 94 0.23 0.020 2.11 0.1765 2620 ± 07109 
25.2 1.89 ± 04 I 04 0.1936 ± 06 I 09 0.00070 ± 04 I 07 1.0 101 0.15 0.010 1.91 0.1849 2698 ±07112 
26.2 4.77 ±IO I 11 0.2746 ± 06 I 08 0.00907 ± 11 I 07 12.4 40 0.28 0.05 5.45 0.1596 2452 ± 22124 
28.2 3.46 ± 07 I 06 0.2442 ± 05 I 12 0.00501 ± 08 I 10 6.8 52 0.20 0.030 3.71 0.1823 2674 ± 13 I 18 
31.2 3.49 ± 07 I 08 0.3557 ± 061 19 0.01542 ± 13 I 16 21.1 49 0.21 0.05 4.42 0.1605 2461±27 I 43 
87-331 Mixed Analyses 
2.2 2.52 ± 05 I 03 0.2747 ± 06 I 14 0.00754 ± 10 I 11 10.3 69 0.23 0.020 2.82 0.1815 2669 ± 16122 
Ion microprobe data for 41 analyses of zircons from sample 87 -331. For further information see footnote 
for table 4.4. 
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Figure 4.7: Tera and Wasserburg (1974) concordia diagram for foliated gneiss sample 87-331. See the 
legend for figure 4.5 for further information. 
Table 4.7 
F-Test and Best-Fit Plane Parameters for Strongly Foliated 
Gneiss Sample 87-331 
F-Test Results 
Error Type N max. 204Pb/206Pb min.% cone. confidence limit age 
counting statistics 11 0.0020 
observed 12 0.0020 
observed 12 0.0020 
observed 12 0.0020 
Best-Fit Plane Results 
Group N a b c 
all analyses 41 -0.0153 ± 5 0.215 ± 1 13.39 ± 13 
interiors 31 -0.0184 ± 7 0.222 ± 2 13.48 ± 17 
int 207/206>0.17 27 -0.0002 ± 7 0.187 ± 2 11.49 ± 19 
margins 9 -0.0047 ± 10 0.192 ± 2 11.52 ± 25 
90 95% 2702± 4 
90 99% 2704 ± 4 
90 95% 2704 ± 4 
90 90% 2704 ± 4 
residual ti t1 N>±2cr MSWD prob. 
-9.7 2701±4 608 ± 18 19 21.13 0.000 
-9.0 2715 ± 5 705 ± 22 13 19.35 0.000 
3.8 2713 ± 3 96 ± 36 0 1.29 0.154 
2.5 2684 ± 6 211±40 6 15.51 0.000 
Summary of age results for sample 87-331. See the footnote for table 4.S for further explanation. 
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The best-fit plane for the 31 analyses of interior-type zircon yields a MSWD of 
19, thereby confirming that these analyses do not represent a single population (table 
4.7). The four analyses with radiogenic 207pbf206pb ratios less than 0.17 (6.1, 7.1, 
17 .1 and 31.1) can be removed from the data pool because they have apparently 
experienced ancient Pb-loss. The remaining 27 analyses produce a best-fit plane which 
has a relatively low MSWD of 1.29 and a t1 concordia intercept age of 2713 ± 3 Ma (lcr). 
This is the age assigned to the interior-type sub-population of zircons. This best-fit plane 
and its associated error hyperboloid give a weighted residual of +3.8 for the common Pb 
defined by the feldspar. This implies that the feldspars were not the source of the 204pb 
contained in this zircon population. 
The nine analyses of margin-type zircon give a best-fit plane with a large MSWD 
of 16, indicating that these data contain more than the three components permitted by the 
plane-fitting technique. None of the nine analyses appears as an obvious outlier and the 
concordia diagram (figure 4. 7) implies that either multiple zircon growth events and/or 
Pb-loss events have affected this population. 
4.9 Zircon Results from Leucogranite 87-326 
This sample is from a coarse grained equagranular granite (figure 4.2) 
composed of quartz, K-feldspar (frequently occurring as perthite and frequently showing 
alteration), plagioclase and biotite with accessory chlorite, epidote, zircon, apatite and 
opaques. This leucogranite possesses a very weakly developed NE-SW foliation, 
defined by the alignment of the K-feldspar and mica. Mineralogically, this sample is 
similar to the foliated gneiss sample 87-331, however these two samples differ distinctly 
in their deformation states as seen in the field. Field observations, including the 
differences in deformation states, suggest that this leucogranite must be younger than 
either of the two gneiss samples described above. On the basis of texture and general 
composition, sample 87-326 is assigned to the late (post-M2) intrusive series seen 
throughout the region (Myers, 1990). 
The zircon analyses from this sample were grouped, using petrographic 
microscope observations, into three categories based on internal structure, color and 
relative positions within the grains: 
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OPAQUE -- dark to opaque in transmitted light, sometimes showing weak zonation; 
dark in reflected light and show extensive alteration, often with preserved 
euhedral crystal faces, might be a highly altered version of the transparent zircon 
type 
TRANSPARENT -- brown or dark red, homogeneous to weakly zoned in transmitted 
light, generally elongate and euhedral, relatively dark in reflected light, 
frequently have overgrowths on their tips; sometimes radial cracks are visible 
MARGINS -- overgrowths which have preferentially formed on the tips of the other 
two zircon types, off-white in reflected light showing finely-banded euhedral 
growth zoning; sometimes the surface between the margin and interiors of 
grains is embayed or 'bottle-neck' shaped, implying that a period of zircon 
dissolution took place prior to the deposition of the margin-type subpopulation. 
Scanning electron microscope images (figure 4.8) of representative zircons from 87-
326 show a variety of internal structures. Some grains (e.g. grains 10, 13 and 21) show 
structures similar to those found in the foliated gneiss sample, with zoned or massive 
interiors overgrown by euhedral margins. Examples are also found of narrow, euhedral 
'dark bands' (grains 13 and 21) which are similar in appearance to the 'dark bands' found 
in the banded gneiss. Other images (grain 1) show rounded interiors and embayed 
internal structures, which imply multiple periods of zircon resorption prior to the 
formation of the margin-type zircon. Very heterogeneous zircons (grain 12) are also 
present in this sample. Examples are also found where there are no marginal 
overgrowths (grain 12) or where only very narrow overgrowths formed (grain 9) or 
where the external euhedral morphology of the margins has undergone subsequent 
rounding (grain 10). From the backscattered electron images it may be concluded that: 
- interiors may differ greatly from grain to grain 
- multiple periods of zircon dissolution (grain 1) or recrystallization (grain 12) took 
place prior to the deposition of the margin-type zircon 
- similarities to zircons found in the preexisting samples already described above 
suggest certain grains may contain xenocrystic material 
- the final phase of margin-type zircon growth did not affect all grains, which implies 
that these grains were brought together very late during the crystallization 
process. 
Figure 4.8 (overleaf): Scanning electron microscope images for representative zircon grains from 
leucogranite sample 87-326. See the legend for figure 4.4 for further information. 
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It cannot be reliably predicted from the available images which, if any, components might 
represent the in situ crystallization from the parent granitic melt. 
Thirty-two ion microprobe U/Pb measurements were conducted on a total of 26 
zircons from 87-326 (table 4.8). If the feldspar Pb composition is used to make a 
204pb correction, many of these analyses fall on or near concordia with a distinct 
concentration around 2. 7 Ga (figure 4.9). A significant number of analyses are 
discordant; 18 of the measurements appear to have lost at least 10% of their radiogenic 
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Figure 4.9: Tera and Wasserburg (1974) concordia diagram for leucogranite sample 87-326. See the 
legend for figure 4.5 for further information. 
Evaluation of this data set using the F-test approach starts by removing the three 
analyses (9.1, 9.2 and 13.1) which are interpreted as being xenocryst because they have 
radiogenic 207pbf206pb ages which are distinctly older than the main group of concordant 
analyses. By selecting a radiogenic 238Uj206pb cut-off of 2.14, equivalent to being at 
least 90% concordant, another 18 analyses (1.1, 1.2, 1.3, 2.1, 4.1, 5.1, 10.1, 11.1, 
12.1, 15.1, 16.1, 17.1, 18.1, 19.1, 20.1, 23.1, 25.1 and 26.1) are removed from the 
data pool. Finally, by selecting a cut-off 204pbf206pb ratio of 0.00366, equivalent to a 
minimum of 95% radiogenic 206Pb, no further analyses need be removed from the pool 
of data. This leaves altogether 11 analyses (3.1, 6.1, 7.1, 8.1, 12.2, 13.2, 14.1, 14.2, 
21.1, 22.1and24.1) on which to begin F-testing to determine if these data are likely to 
represent a single population. 
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Table 4.8 
Ion Micro probe Data for Leucogranite Sample 87-326 
grain m~rurnred ratiQ~ % % wt% ra~fo2g~nk age 
.spot 238/206 207/206 204/206 com. cone. u Th 238/206207/206 (Ma) 
87-326 Opaque 
4.1 3.22 ± 06111 0.3419 ± 09 I 32 0.01377 ± 19 I 25 18.8 52 0.08 0.09 3.97 0.1692 2550 ± 37161 
5.1 3.76 ± 08 I 15 0.2812 ± 05 I 21 0.01021 ± 09 I 17 14.0 52 0.32 0.18 4.37 0.1507 2353 ± 19 144 
6.1 1.95 ± 04 I 07 0.2094 ± 05 I 12 0.00215 ± 06 I 10 2.9 96 0.14 0.014 2.01 0.1828 2679 ± 09118 
12.1 4.88 ± 10 I 11 0.3395 ± 06 I 13 0.01374 ± 14 I 11 18.8 35 0.38 0.16 6.00 0.1669 2526 ± 27132 
12.2 1.98 ± 04 I 04 0.1827 ± 06 I 04 0.00008 ± 01 I 03 0.1 98 0.12 0.009 1.98 0.1817 2669 ± 05107 
14.2 2.07 ± 041 04 0.1960 ± 05 I 09 0.00131 ± 04 I 07 1.8 93 0.15 0.008 2.11 0.1797 2650± 07113 
16.1 3.00 ± 061 08 0.1578 ± 03 I 06 0.00224 ± 04 I 04 3.1 85 0.36 0.15 3.09 0.1285 2077±10112 
17. l 3.00 ± 061 06 0.2659 ± 05 I 10 0.00877 ± 09 I 08 12.0 65 0.26 0.13 3.41 0.1541 2392± 18122 
18. l 3.08 ± 061 07 0.2819 ± 05 I 33 0.00916 ± 10 I 27 12.5 59 0.23 0.07 3.52 0.1668 2525±19161 
87-326 Transparent 
1.1 2.22 ± 041 04 0.1993 ± 05 I 12 0.00196 ± 06 10 2.7 88 0.14 0.06 2.28 0.1748 2605±10118 
7.1 1.89 ± 04 I 04 0.1958 ± 13 I 27 0.00061±08 22 0.8 100 0.020 0.016 1.90 0.1883 2728 ± 16137 
8.1 1.95 ± 041 04 0.1958 ± 07 I 10 0.00057 ± 05 08 0.8 96 0.08 0.04 1.97 0.1888 2731 ±08114 
9.1 1.60 ± 03 I 03 0.2505 ± 16 I 16 0.00014 ± 05 14 0.2 98 0.014 0.010 1.60 0.2488 3177 ± 11 I 17 
9.2 2.33 ± 05 I 04 0.2911±10 I 28 0.00261±10 25 3.6 63 0.05 0.032 2.42 0.2616 3256± 11129 
10.1 2.42 ± 05 I 07 0.1898 ± 04 I 20 0.00204 ± 04 16 2.8 85 0.28 0.14 2.49 0.1641 2498 ± 08133 
13.1 1.91 ± 04 I 03 0.2002 ± 10 I 09 0.00012 ± 03 08 0.2 95 0.038 0.022 1.92 0.1988 2817 ± 09112 
19.1 3.60 ± 07 I 04 0.2267 ± 09 I 24 0.00362 ± 13 19 4.9 51 0.09 0.10 3.78 0.1820 2671±20136 
20.1 2.44 ± 05 I 02 0.2333 ± 13 I 28 0.00415 ± 18 23 5.7 75 0.035 0.034 2.58 0.1820 2671±30143 
21.1 1.91 ± 04 I 03 0.1867 ± 12 I 12 0.00023 ± 06 10 0.3 101 0.023 0.012 1.91 0.1838 2687 ± 14 I 17 
22.1 1.97 ± 04 I 04 0.1976 ± 14 I 22 0.00092 ± 12 18 1.3 96 0.023 0.013 2.00 0.1862 2709±20131 
23. l 2.19 ± 041 02 0.2074 ± 08 I 12 0.00172 ± 08 10 2.3 85 0.08 0.06 2.25 0.1862 2709 ± 14 I 18 
24.1 1.84 ± 041 03 0.1918 ± 161 28 0.00055 ± 09 I 23 0.8 104 0.017 0.010 1.85 0.1850 2699± 19140 
26.1 2.17 ± 04 I 01 0.2056 ± 07 I 17 0.00184 ± 08 I 14 2.5 87 0.08 0.08 2.23 0.1829 2679 ± 13125 
87-326 Margins 
1.2 3.13 ± 06104 0.1957 ± 05 I 10 0.00302 ± 07 I 08 4.1 67 0.22 0.05 3.26 0.1574 2428± 13117 
1.3 3.07 ± 06111 0.1793 ± 05 I 09 0.00178 ± 05 I 07 2.4 70 0.21 0.031 3.15 0.1566 2419 ± 10 I 15 
2.1 2.15 ± 041 06 0.1907 ± 041 07 0.00104 ± 03 I 06 1.4 91 0.20 0.024 2.18 0.1778 2632± 06111 
3.1 2.05 ± 041 05 0.1897 ± 04 I 03 0.00045 ± 02 I 02 0.6 94 0.19 0.017 2.06 0.1842 2691±04104 
11.1 2.12± 04105 0.2443 ± 05 I 14 0.00497 ± 07 I 12 6.8 85 0.20 0.08 2.28 0.1830 2680± 11122 
13.2 2.06 ± 041 04 0.1882 ± 05 I 11 0.00089 ± 04 I 09 1.2 95 0.13 0.022 2.08 0.1771 2626± 08116 
14.1 1.85 ± 04 I 02 0.1867 ± 04 I 08 0.00002 ± 01 I 06 0.0 103 0.21 0.012 1.85 0.1865 2711 ±04111 
15.1 3.77 ± 08 110 0.3433 ± 07 I 09 0.01282 ± 14 I 07 17.5 42 0.13 0.13 4.57 0.1853 2701 ±25127 
25.1 2.72 ± 061 04 0.2352 ± 08 I 20 0.00424 ± 11 I 16 5.8 67 0.13 0.10 2.89 0.1829 2679 ± 17130 
Ion microprobe data for 32 analyses of zircons from sample 87-326. For further information see footnote 
for table 4.4. 
By using error estimates based on ion counting and by removing iteratively the 
single sample with the most negative residual, six of the 11 analyses (in order of 
elimination 13.2, 14.2, 6.1, 3.1, 12.2 and 21.1) must be removed from the pool of data 
prior to passing the F-test at the 95% confidence level. The five remaining analyses have 
a weighted mean 207Pbf206pb age of 2715 ± 5 Ma (lo). Alternatively, the F-test using to 
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the observed errors requires that only two analyses need be removed from the pool of 
data (in sequence 13.2 and 14.2) in order to pass the F-test at the 99% and 95% 
confidence levels. The nine remaining analyses have a weighted mean 207pbf206pb age 
of 2696 ± 4 Ma. In order to pass the F-test at the 90% confidence level, one more 
analysis (13.1) must be removed from the pool of data, yielding a weighted mean age of 
2703 ± 5 Ma for the remaining eight analyses. In this case the age of 2715 ± 5 Ma 
obtained using ion counting-based error is dramatically older than the ages obtained using 
the observed internal errors. This difference results from a single analysis (8.1) which is 
relatively old and which has a small uncertainty as based on ion counting statistics. 
Analysis 8.1 has a precision estimate of± 8 Ma and ± 14 Ma for ion counting and 
observed errors, respectively. Sample 87-326 clearly demonstrates the potential 
sensitivity of the F-test approach to having accurately assigned error estimates for each of 
the individual analyses. 
Application of the plane-fitting approach to the 23 non-xenocryst measurements 
of opaque plus transparent zircon gives a MSWD of 20 (table 4.9), clearly indicating 
that these data do not represent a single population. The 11 analyses of transparent-type, 
non-xenocrystic zircon give a best-fit plane with a large MSWD of 9, however two of 
these analyses (1.1 and 10.1) have distinctly large negative residuals, which suggest early 
Pb-loss may have occurred. Analysis 1.1 shows evidence of recrystallization; this feature 
is absent from analysis 10.1 (figure 4.8). These two analyses represent the only data 
from the transparent zircon type with U concentrations greater than 1000 ppm (table 
4.8). By removing these two analyses, the nine remaining give a best-fit plane with a 
small MSWD of 0.9 and an upper concordia intercept age of 2715 ± 11 Ma (la). This is 
the age which is assigned to the crystallization of the grain interiors in 87-326; it is similar 
to the ages found for the non-margin-type zircons in the two samples of gneiss collected 
from Poona Rock. This best-fit plane and its associated error hyperboloid give a 
weighted residual of +0.6 for the common Pb contained in the feldspar, implying that in 
this case the feldspars could represent the source of the non-radiogenic Pb contained in 
the zircons. 
Chapter 4: Poona Rock 
134 
Table 4.9 
F-Test and Best-Fit Plane Parameters for Leucogranite Sample 
87-326 
F-Test Results 
Error Type N max. 204Pb/206Pb min.% cone. confidence limit age 
counting statistics 5 0.0037 90 95% 2715 ± 5 
observed 9 0.0037 90 99% 2696 ± 4 
observed 9 0.0037 90 95% 2696 ± 4 
observed 9 0.0037 90 90% 2703 ± 5 
Best-Fit Plane Results 
Group N a b c residual tl t2 N>±2a MSWD prob. 
all analyses 32 -0.0286 ± 14 0.241 ± 3 14.92 ± 27 -10.8 2708 ± 6 1013 ± 40 14 34.82 0.000 
opaque + transp. 20 -0.0228 ± 18 0.225 ± 4 14.18 ± 3 -6.4 2653 ± 8 876 ± 55 6 19.88 0.000 
transparent 11 0.0008 ± 30 0.186 ± 5 9.03 ± 106 2.9 2716 ± 10 -38 ± 140 4 9.25 0.000 
tr w/o 1.1 & 10.1 9 -0.0011 ± 34 0.189 ± 6 11.51±126 0.6 2715 ± 11 48 ± 15 0 0.93 0.465 
margins 9 -0.0243 ± 20 0.229 ± 4 15.47 ± 39 -8 .6 2665 ± 10 916 ± 60 2 5.30 0.000 
Summary of age results for sample 87-326. See the footnote for table 4.5 for further explanation. 
The nine analyses conducted on margin-type zircon from 87-326 give a best-fit 
plane with a large MSWD of 5.3 with no obvious outliers. The five most concordant 
analyses obtained from margin-type zircon show an obvious spread in their radiogenic 
207pbf206pb ages (figure 4.9) spanning between 2.71 and 2.63 Ga. As was the case 
for the two gneiss samples, this spread in ages implies that multiple periods of margin-
type zircon growth may have affected this sample. All nine ion microprobe analyses of 
the margin-type sub-population gave U contents greater than 1000 ppm, which is similar 
to many of the values for margin-type zircon from the two gneiss samples discussed 
above. 
4.10 Zircon Results from Mesocratic Granite 87-328 
This sample is from a homogeneous, equigranular granite which shows no 
foliation (figure 4.2) and only a weakly recrystallized texture. It contains quartz, K-
feldspar (generally showing alteration), plagioclase and green biotite with accessory 
chlorite, epidote, zircon and opaque minerals. The elevated concentration of biotite in this 
sample distinguishes it from the other phases already described above. Based on 
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mineralogy and the absence of a pronounced deformation fabric, this sample is assigned 
to the post-(M2) intrusive series which was emplaced after the development of the 
regional tectonic fabric; this late granitic phase is found throughout the Murgoo Gneiss 
Complex (Myers, 1990). Field observations do not indicate the relative ages of this 
sample and and the leucocratic granite discussed above. 
The zircon analyses from this sample were grouped, using petrographic 
microscope observations, into three categories based on internal structure, color and 
relative positions within the grains: 
MASSIVE -- yellow to brown regions with no obvious zonation in transmitted light, 
white in reflected light, irregular crystal forms with poorly expressed crystal 
faces, generally equant, may constitute entire grains 
ZONED -- striated or euhedrally zoned zircon, yellow or brown in transmitted light 
though some of this material is opaque, off-white to grey in reflected light 
MARGINS -- euhedrally zoned material which is dark yellow in transmitted light and 
grey in reflected light, has overgrown the two other zircon types preferentially 
forming grain tips, the crystal faces of the margin-type zircon are not well 
developed. 
SEM secondary and backscattered (BSE) electron images (figure 4.10) from 
representative grains reveal complex internal structures. As was the case for the samples 
discussed previously, this suite of zircons is composed of heterogeneous grain interiors 
which frequently contain strongly zoned overgrowths. BSE images of grain interiors 
reflect a variety of structures: 
- massive zircon, including irregular, wavy structures (grain 12) 
- zoned zircon which alternates with euhedral, highly altered material (grain 2) 
- regions where the orientation of the zonation varies with position within the grain 
(grain 9) 
- patchy, fragmented, euhedral interiors (grain 19) 
- weakly zoned regions which are truncated by marginal overgrowths (grain 15) 
- zones of highly altered zircon, similar to the 'dark bands' but not along the contacts 
between grain interiors and margins (grains 2 and 16) 
- 'dark bands' which form between grain interiors and margins (grains 9, 12 and 15). 
Figure 4.10 (overleaf): Scanning electron microscope images for representative zircon grains from 
biotite granite sample 87-328. See the legend for figure 4.4 for further information. 
Chapter 4: Poona Rock 
87 - 328 
2 
2 
1 
1 
Grain 2 
2 
Grain 9 
1 
1 
Grain 12 
3 Grain 15 
2 
1 
2 1 
Grain 16 Grain 19 
200 Micrometers 
137 
It is reasonable that such a broad variety of internal structures reflects a broad range of 
magmatic environments. Furthermore, clear evidence is also found within the grain 
interiors for post-crystallization modification. A 'bottle-neck' structure, also visible in 
transmitted light images, is present within the interior of grain 2 -- this may reflect a 
period of zircon dissolution prior to the deposition of the more external dark material. 
Irregularly shaped patches of massive material overprint the zoned interiors, similar to 
those attributed by Pidgeon (1992) to be the result of recrystallization and trace element 
expulsion from the lattice structure. Both the resorption and recrystallization phenomena 
do not affect the margin-type zircon, and are therefore interpreted as likely to have 
predated the formation of the overgrowths. 
SEM images indicate that not all grains posses margin-type overgrowths (e.g. 
grain 16). The margins, when present, are always finely zoned, though in some cases 
the zoning is irregular (e.g. bottom of grain 12). As in other samples from Poona Rock, 
margin-type zircon seems to have preferentially formed new grain tips. Examples also 
exist where the outside edge of the margin-type zircon has been slightly rounded (grain 2) 
or where the zoning is truncated by the edge of the grain (grains 12 and 15); this suggests 
that a period of resorption occurred very late in the evolution of this zircon population. 
Thirty-seven ion microprobe U/Pb analyses were made on a total of 22 zircons 
from sample 87-328 (table 4.10). Using the feldspar Pb for the common Pb correction 
causes many of these data to become discordant, including two analyses which are 
significantly reversely discordant (figure 4.11). Most data which fall on or near 
concordia have radiogenic 207Pb/206pb ages between 2.65 and 2.75 Ga, though no 
clustering is obvious. This collection of data is clearly complex, reflecting multiple 
periods of crystallization and/or Pb-loss. 
Evaluation of these data using the F-test approach starts by removing the three 
analyses (1.1, 9.1 and 21.1) which have radiogenic 207Pbf206pb ages distinctly older 
than circa 2.7 Ga (recall that the field interpretation points to this sample being younger 
than the 2.7 Ga gneisses discussed above). Using a radiogenic 238Uf206pb cut-off of 
2.14, equivalent to 90% concordant for a 2.7 Ga sample, another 24 analyses (1.2, 2.1, 
2.2, 5.2, 6.1, 6.2, 9.2, 10.2, 11.2, 12.2, 14.1, 15.2, 16.3, 17.2, 19.1, 19.2, 20.1, 
20.2, 22.1, 23.1, 24.1and24.2) are removed from the pool of data. Two analyses (5.1 
and 18.1) can further be removed because they yield reversely discordant U/Pb ratios. 
Finally, by selecting a cut-off 204pbf206pb ratio of 0.00366, equivalent to having greater 
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than 95% radiogenic 206Pb, a further four analyses (3.1, 11.1, 16.1 and 16.2) need to be 
removed from the data pool. This leaves a total of six of the 37 analyses (4.1, 10.1, 
12.1, 13.1, 15.1and17.1) on which to begin F-testing to determine if these data likely 
represent a single population. 
Table 4.10 
Ion Micro probe Data for Mesocratic Granite Sample 87-328 
grain m!lll!!ured ratiQs % % wt% Ii!!.!iQg~il< age 
. spot 238/206 207/206 204/206 com. cone . u Th 238/206207/206 (Ma) 
87-328 Massive 
1.1 lS.74 ± 32 I 12 0.2744 ± 08 I 10 0.00097 ± OS I 09 1.3 9 0.06 0.05 1S.9S 0.263S 3268 ±06110 
S.l 0.97 ± 021 04 O.SS60 ± 2S I 63 0.02927 ± SS I S3 40.0 111 0.009 0.010 1.62 0.2024 284S ± 119 I 142 
9.1 1.66 ± 03 I 01 0.2813 ± 09 I 27 0.00670 ± lS I 23 9.2 99 0.032 0.019 1.83 0.2002 2830± 22139 
12.1 1.89 ± 04 I 02 0.18S7 ± 08 I lS 0.00006 ± 02 I 12 0.1 102 0.02S 0.011 1.90 0.18SO 2698 ±08121 
13.1 1.89 ± 04 I 02 0.18S6 ± 08 I 03 0.00013 ± 02 I 03 0.2 102 0.028 0.024 1.89 0.1840 2689 ±08108 
lS.l 2.03 ± 041 01 0.1864 ± 09 I 09 0.00008 ± 02 I 07 0.1 9S 0.02S 0.013 2.03 0.1853 2701 ±08112 
20.1 2.17 ± 04 I 01 0.2089 ± 11 I 10 0.00131 ± 10 I 09 1.8 84 0.02S 0.014 2.21 0.1929 2767 ± 161 16 
24.1 9.SS± 19117 0.4289 ± 08 I 22 0.02123 ± 19 I 18 29.0 16 0.39 1.8 13.46 0.1602 24S8 ± 441 S8 
24.2 4.12 ± 08 I 10 0.2S40 ± 10 I 26 O.OOS21 ± lS I 22 7.1 42 o.os 0.07 4.43 0.1903 2744 ±23 139 
87-328 Zoned 
2.1 2.43 ±OS OS 0.1881 ± 04 I 08 0.00141 ± 04 I 06 1.9 83 0.16 0.11 2.48 0.1704 2S62 ± 08113 
3.1 1.90 ± 04 02 0.2317 ± 06 I 12 0.00419 ± 09 I 09 S.1 97 0.09 o.os 2.02 0.1798 26Sl ± lS I 18 
4.1 1.96 ± 04 01 0.1963 ± 07 I 08 0.0006S± 04 I 06 0.9 96 0.06 0.07 1.98 0.1884 2728 ± 08111 
6.1 2.66± OS 02 0.1860 ±OS I 18 0.00036 ± 02 I lS o.s 73 0.16 o.os 2.67 0.181S 2667±OS126 
10.1 1.99 ± 04 03 0.1890 ± 03 I OS 0.00069 ± 02 I 04 0.9 97 0.21 0.12 2.01 0.180S 26S8 ± 041 07 
11.1 1.36 ± 03 04 O.SOS9 ± 04 I 34 0.02691 ± 10 I 27 36.8 96 0.30 0.20 2.16 0.1682 2S40±24 I 89 
16.1 1.91 ± 04 12 O.S449 ± 06 I SS 0.02830 ± 01 I 46 38.7 S8 0.23 0.6 3.11 0.2033 28S3 ± 27 I 120 
16.2 l.S8 ± 03 16 O.S82S ± 04 I 26 0.034S4 ± 10 I 20 47.2 86 0.4 0.07 2.99 0.1318 2122 ± 40 I 116 
16.3 3.20 ± 06 10 0.4968 ± 06 I 18 0.02S64 ± 13 I lS 3S.1 40 0.22 0.09 4.94 0.1788 2642 ±29148 
17.1 2.10 ± 04 OS 0.1862 ± 04 I 03 0.00068 ± 03 I 02 0.9 93 0.11 0.08 2.12 0.1778 2633 ±06106 
18.1 1.71 ± 03 04 0.18S9 ± 03 I 06 0.0002S ± 01 I OS 0.3 113 0.21 0.12 1.72 0.1828 2678 ±03109 
19.1 3.S8 ± 07 06 0.1403 ± 03 I 07 0.00141 ± 03 I OS 1.9 76 0.32 0.20 3.6S 0.1217 1981 ±09116 
21.1 1.60 ± 03 02 0.2813 ± 111 08 0.00041 ±OS I 07 0.6 91 0.023 0.014 1.61 0.2768 334S ±07109 
22.1 3.67 ± 07 13 O.S106 ± 08 I 16 0.02641 ± 19 I 13 36.1 33 0.17 0.13 S.74 0.18SS 2702± 421 S2 
23.1 3.16 ± 06 08 0.299S ± 07 I lS 0.009SS ± 131 12 13.1 S4 0.10 0.10 3.64 0.1813 266S ±22126 
87-328 Margins 
1.2 3.25 ± 06112 O.S117 ± 08 I 30 0.02762 ± 19 I 24 37.8 41 0.20 0.24 S.23 0.1630 2487±Sl I 8S 
2.2 2.4S ±OS I 06 0.4147 ± 08 I 3S 0.01881 ± 17 I 29 2S.7 S9 0.14 0.07 3.29 0.1823 2674± 33170 
S.2 2.84 ± 06103 0.2901 ± 07 I 16 0.00909 ± 14 I 13 12.4 61 0.12 0.010 3.24 0.1772 2627 ±24129 
6.2 2.30 ±OS I 06 0.3S92 ± 06 I 14 0.0147S ± 14 I 11 20.2 70 0.13 0.06 2.88 0.17S6 2611±2S132 
9.2 2.73 ± 06112 O.S136 ± 07 I lS 0.0272S ± 16 I 12 37.3 46 0.21 o.os 4.36 0.1736 2S92± 381 Sl 
10.2 3.04 ± 061 08 0.4778 ± 07 I 21 0.02367 ± lS I 17 32.4 42 0.18 0.06 4.SO 0.1867 2714±30148 
11.2 2.69 ±OS I 04 0.4322 ± 07 I 2S 0.02068 ± lS I 20 28.3 S4 0.16 0.13 3.7S 0.1743 2S99 ± 311 SS 
12.2 2.Sl ±OS I 12 0.4690 ± 07 I 21 0.02392 ± 16 I 17 32.7 SS 0.18 0.04 3.73 0.1690 2S48 ± 371 SS 
lS.2 2.91±061 16 0.48S6 ± 07 I 22 0.024S4 ± 16 I 18 33.6 44 0.30 0.10 4.38 0.1822 2673 ±3S I S4 
19.2 3.70 ± 071 06 O.SS71 ± 08 I 3S 0.03041±19 I 29 41.6 31 0.22 0.17 6.34 0.180S 2658 ±47193 
20.2 2.46 ±OS I 07 O.S347 ± 07 I 12 0.0288S ± lS I 10 39.4 49 0.20 0.23 4.06 0.176S 2620±371 Sl 
87-328 Mixed Analyses 
14.1 1.93 ± 04 I 01 0.2279 ± 07 I 18 0.0031S ± 08 I 14 4.3 94 o.os 0.034 2.02 0.1893 2736±13 I 2S 
17.2 2.27 ±OS I 08 0.3148 ± 06 I 10 0.01080 ± 11 I 08 14.8 73 0.10 0.06 2.66 0.1812 2664 ± 19122 
Ion microprobe data for 37 analyses of zircons from sample 87-328. For further information see footnote 
for table 4.4. 
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Figure 4.11: Tera and Wasserburg (1974) concordia diagram for biotite granite sample 87-328. See 
the legend for figure 4.5 for further information. 
Applying the F-test to ion counting-based error estimates (table 4.11) does not 
permit the definition of a single population at the 95% confidence level; removing the 
sample with the most negative residual requires that five of the analyses be eliminated 
from the data set leaving only the one analysis (4.1 with a t1 age of 2728 ± 8 Ma (lcr)) 
which has the highest radiogenic 207pbf206pb. The situation is substantially different 
when the observed errors for the individual analyses are used. In this case only one 
analysis (10.1) needs to be removed from the pool of data. The remaining data form a 
single population at both the 99% and 95% confidence levels. The weighted mean age of 
the remaining five analyses is 2691 ± 7 Ma. In order to pass the F-test at the 90% 
confidence level one more analysis (18.1) must be removed, leaving a weighted mean age 
of 2697 ± 7 Ma. Sample 87-328 is another example where the use of ion counting and 
observed errors lead to radically different results. 
Applying the plane-fitting approach to the 24 analyses of zoned + massive zircon 
yields a large MSWD of 433 (table 4.11), indicating that the zircon interiors do not 
represent a single population with common t1, t2 and common Pb components. The 
seven analyses of non-xenocrystic, massive-type zircon define a plane with a MSWD of 
6.3, which implies that they also do not represent a single population. Of these seven 
analyses, analysis 20.1 has a particularly large residual of 4.0, suggesting that it might be 
· a xenocryst which is only slightly older than the main population. This particular analysis 
was conducted on zircon with an unusual appearance: it is from a particularly clear, well 
Chapter 4: Poona Rock 
140 
rounded, massive core. The other six analyses of massive-type zircon give a best-fit 
plane with a marginally acceptable MSWD of 2.4 and concordia intercept ages of 2696 ± 
6 and 114 ± 39 Ma (la). Within this six member data set, analysis 24.2 has a residual of 
2.4; this discordant measurement may reflect a slightly older xenocrystic component, but 
there is not sufficient justification to remove it from the data set. The best estimate for the 
crystallization age of the massive-type zircon is therefore set at 2696 ± 6 Ma. This best-
fit plane and its associated error hyperboloid give a weighted residual of -0.8 for the 
common Pb composition defined by the feldspars, implying that the feldspars could 
represent the source of the non-radiogenic Pb found in this zircon sub-population. 
Table 4.11 
F-Test and Best-Fit Plane Parameters for Mesocratic Granite 
Sample 87-328 
F-Test Results 
Error Type N max. 204Pb/206Pb min.% cone. confidence limit age 
counting statistics 1 0.0037 90 95% -2728 ± 8 
observed 5 0.0037 90 99% 2691 ± 7 
observed 5 0.0037 90 95% 2691 ± 7 
observed 4 0.0037 90 90% 2697 ± 7 
Best-Fit Plane Results 
Group N a b c residual ti t2 N>±2cr MSWD prob. 
all analyses 3 7 0.0034 ± 1 0.174 ± 1 12.01 ± 3 
zoned+ massive 24 0.0034 ± 1 0.174 ± 1 11.77 ± 5 
massive 9 0.0052 ± 2 0.177 ± 1 10.51 ± 14 
massive w/o xeno. 7 -0.0028 ± 9 0.191 ± 2 12.60 ± 29 
massive w/o 20.1 6 -0.0025 ± 9 0.190 ± 2 12.52 ± 29 
zone w/o 'outliers' 12 -0.0057 ± 13 0.191 ± 2 12.66 ± 90 
margins 11 0.0028 ± 28 0.170 ± 8 12.36 ± 13 
6.8 
9.0 
13.1 
-1.1 
-0.8 
-3.3 
1.0 
2661 ± 2 -168 ± 6 
2662 ± 2 -171±6 
2714 ± 5 -253 ± 8 
2706 ± 6 125 ± 38 
2696 ± 6 114 ± 39 
2654 ± 4 259 ± 53 
2617 ± 30 -143 ± 152 
19 265.88 0.000 
17 433.22 0.000 
4 25.00 0.000 
2 6.33 0.000 
1 2.44 0.062 
5 12.00 0.000 
0 1.51 0.149 
Summary of age results for sample 87-328. See the footnote for table 4.5 for further explanation. 
After removing obvious xenocrystic (analysis 21.1) and ancient Pb-loss 
components (analyses 16.2 and 19.1), the remaining 12 analyses of zoned zircon define a 
plane with a large MSWD of 12. 
All 11 measurements conducted on margin-type zircon yielded discordant data. 
Nonetheless, these analyses define a best-fit plane with an acceptable MSWD of 1.5 and 
with an upper concordia intercept age of 2617 ± 30 Ma (la) (table 4.11). This best-fit 
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plane and its associated error hyperboloid give a weighted residual of + 1.0 for the 
common Pb composition defined by the feldspars, implying that the feldspars could 
represent the source of the non-radiogenic Pb found in this zircon sub-population. 
4.11 Zircon Results from Pegmatite 87-330 
This sample of massive pegmatite was collected from a 20 cm wide lens which 
has sharp boundaries with the surrounding gneisses (figure 4.2). Such pegmatite 
lenses are common throughout Poona Rock; they posses neither chilled margins nor 
reaction haloes, implying that these veins were emplaced into a relatively warm 
environment and that the pegmatite parent fluid possessed no major chemical gradient 
with the surrounding lithologies. This particular sample was collected from a lens which 
is sub-concordant to the surrounding foliation, though other mineralogically identical 
lenses are present at Poona Rock which cross-cut both the gneisses and the granites. 
This sample is composed of coarse grained quartz, K-feldspar/perthite (altered) and 
plagioclase (frequently altered) with minor amounts of green-brown biotite, chlorite, 
epidote, zircon and opaques. The sample shows no clear evidence of recrystallization. 
The grain size, the absence of an internal foliation and the discordant geometry indicate 
that this unit belongs to the late syn- to post-tectonic series which is seen elsewhere in the 
region (Myers, 1990). The lens-like geometry of what were presumably continuous 
pegmatitic dikes speaks for emplacement followed by limited amounts of deformation. 
The fact that some of the lenses are discordant to the NE-SW foliation requires that these 
pegmatites were emplaced at a late stage of the evolution of Poona Rock. 
The zircon analyses from this sample were grouped, using petrographic 
microscope observations, into two categories based on transparency and relative positions 
within the grains: 
OPAQUE -- highly heterogeneous material which is very dark brown to opaque in 
transmitted light, has a patchy appearance in reflected light, frequently shows 
euhedral zoning, commonly possess thin overgrowths 
MARGINS -- overgrowths which are transparent, pale yellow in transmitted light, 
grey to off-white in reflected light, may contain either patchy or well developed 
euhedral zoning, contacts with grain interiors may be either sharp and straight or 
diffuse and poorly defined; these margins are distinctly different from those 
found in the four granitoid samples discussed previously. 
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SEM secondary (SCE) and backscattered electron (BSE) images from selected grains 
from 87-330 (figure 4.12) provide information about the crystallization history of this 
sample. Grain interiors are very heterogeneous in BSE, their characteristic feature being 
a very patchy appearances. 'Bottle-neck' (grain 2) and embayed (grains 6, 13 and 20) 
structures indicate periods of dissolution or recrystallization, respectively. Grain interiors 
which apparently have undergone recrystallization are homogeneous in SCE and BSE 
images though they generally retain a dark or opaque appearance in transmitted light. 
Although some margins show well developed euhedral zoning (grain 1), the 
appearance of grain margins in 87-330 is very distinct from the overgrowths found in the 
four previously described samples. Grain margins are often patchy and have irregular or 
poorly defined contacts with the grain interiors (e.g. grains 13 and 20). External grain 
surface can be either straight and euhedral (grains 1 and 2) or slightly embayed and 
rounded (grains 19 and 20). Apparently much of the margin-type zircon material 
underwent a recrystallization and/or resorption at some point in time. 
Thirty-six ion microprobe U/Pb analyses were made on a total of 20 grains 
extracted from sample 87-330 (table 4.12). These data indicate high concentrations of 
U and Th, which may reflect high incompatible trace element concentrations as one might 
expect in a pegmatite. Making a 204pb correction using the common Pb composition 
defined by the feldspar causes nearly all of these samples to be discordant; no group of 
near-concordant analyses was found in either the opaque or margin-type sub-populations 
(figure 4.13). Because of the absence of concordant, 204Pb-poor analyses, the F-test 
approach cannot reasonably be applied. Field data indicate that this pegmatite must be 
younger than both the surrounding gneissic and granitic lithologies which have been 
dated at circa 2.70 Ga (see above). Therefore, the highly discordant analysis 9.1 can be 
interpreted as a xenocryst. Of the remaining analyses, concordant analysis 14.1 has the 
highest radiogenic 207Pbf206pb ratio. Using ion counting-based errors this yields a 
207pbf206pb age of 2696 ± 13 Ma (lcr). Using the observed internal scatter yields a 
minimum emplacementage of 2696 ± 15 Ma. Assuming this analysis is of non-
xenocrystic, these value represent younger limiting ages for the emplacement of the 
pegmatite. 
Figure 4.12 (overleaf): Scanning electron microscope images for representative zircon grains from 
pegmatite sample 87-330. See the legend for figure 4.4 for further information. 
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Table 4.12 
Ion Microprobe Data for Pegmatite Sample 87-330 
grain W~llli!.!r!.\Q Il!tiQ~ % % wt% rndi2g~ni£ age 
. spot 238/206 207/206 204/206 com. cone . u Th 238/206207/206 (Ma) 
87-330 Opaque 
1.1 6.11±12110 0.2641 ± 07 11 0.00642 ± 11 I 09 8.8 29 0.19 0.16 6.70 0.1851 2699 ± 18120 
2.1 7.84 ± 161 26 0.4395 ± 08 22 0.02186 ± 18 I 18 29.9 19 0.6 0.8 11.19 0.1638 2496 ± 42156 
3.1 9.53 ± 191 42 0.3998 ± 06 24 0.01813 ± 14 I 20 24.8 16 1.1 0.6 12.67 0.1736 2593 ± 27151 
6.1 10.55 ± 211 34 0.5188 ± 04 16 0.02799 ± 10 I 13 38.3 12 1.2 1.4 17.09 0.1671 2529 ±26152 
7.2 3.64 ± 071 08 0.1705 ± 04 04 0.00200 ± 05 I 03 2.7 63 0.22 0.023 3.75 0.1447 2284 ± 10 I 10 
8.2 17.88 ± 361 32 0.5651 ± 08 24 0.03139 ± 18 I 19 42.9 6 1.4 0.7 31.33 0.1734 2591±47173 
9.1 3.67 ± 07110 0.3608 ± 06 27 0.01333 ± 12 I 23 18.2 40 0.31 0.29 4.48 0.1992 2820± 19145 
10.2 9.52 ± 19134 0.4088 ± 06 18 0.01940 ± 14 I 14 26.5 16 0.6 0.6 12.96 0.1643 2500±31143 
11.2 20.34± 41 I 85 0.4012 ± 06 15 0.01869 ± 13 I 12 25.6 8 1.2 0.6 27.32 0.1662 2520±28138 
13.2 8.17 ± 16 I 28 0.4483 ± 07 16 0.02228 ± 15 I 13 30.5 18 0.6 2.3 11.74 0.1690 2547 ± 33 145 
14.2 10.23 ± 20 I 28 0.3831 ± 07 25 0.01679 ± 15 I 20 23.0 15 0.8 0.8 13.28 0.1735 2592±30151 
15.1 3.46 ± 07 I 05 0.2405 ± 05 13 0.00641 ± 08 I 11 8.7 57 0.21 0.10 3.80 0.1593 2448 ± 16124 
15.2 9.04 ± 18 I 11 0.3519 ± 05 14 0.01494 ± 11 I 11 20.4 19 0.6 0.7 11.36 0.1634 2491 ±23131 
16.2 12.00 ± 241 64 0.3827 ± 08 17 0.01681 ± 18 I 14 23.0 13 0.8 1.0 15.59 0.1728 2585 ±35142 
17. I 3.63 ± 071 06 0.2207 ± 05 06 0.00331 ± 07 I 05 4.5 52 0.18 0.014 3.80 0.1797 2650± 12112 
18.1 7.21±141 21 0.3778 ± 05 I 16 0.01580 ± 11 I 13 21.6 21 0.4 1.3 9.20 0.1827 2678±20132 
19.1 2.77 ± 061 04 0.2168 ± 04 I 11 0.00267 ± 05 I 09 3.7 67 0.17 0.04 2.87 0.1838 2687±09117 
20.2 7.15 ± 14 I 20 0.3003 ± 05 I 10 0.00970 ± 10 I 08 13.3 24 0.5 0.9 8.24 0.1801 2654± 16120 
87-330 Margins 
1.2 6.36 ± 13 I 14 0.2612 ± 06 I 18 0.00653 ± 11 14 8.9 28 0.4 0.37 6.98 0.1803 2656±18128 
2.2 5.54 ± 111 07 0.4955 ± 09 I 36 0.02548 ± 20 30 34.8 23 0.4 0.12 8.51 0.1797 2651±45186 
5.2 2.33 ± 051 03 0.2044 ± 05 I 07 0.00185 ± 05 06 2.5 81 0.16 0.25 2.39 0.1815 2667 ± 09111 
7.1 3.00 ± 06102 0.1598 ± 04 I 05 0.00062 ± 03 04 0.8 74 0.19 0.024 3.03 0.1519 2367 ±06 08 
8.1 4.62 ± 09 12 0.2606 ± 06 I 07 0.00654 ± 10 06 8.9 39 0.27 0.10 5.08 0.1795 2649±17 17 
10.1 2.23 ± 04 09 0.2518 ± 05 I 15 0.00650 ± 09 12 8.9 84 0.19 0.09 2.45 0.1703 2561±15 25 
11.1 5.89 ± 12 16 0.2230 ± 05 I 14 0.00361±07 11 4.9 32 0.31 0.12 6.20 0.1783 2637±11 21 
12.1 15.29 ± 31 04 0.5320 ± 09 I 28 0.02898 ± 20 23 39.6 8 1.4 0.24 25.34 0.1682 2540± 51 81 
13. l 5.60 ± 11 03 0.4617 ± 07 I 23 0.02324 ± 15 19 31.8 25 0.37 0.75 8.20 0.1708 2566± 34 57 
14.1 1.81 ± 04 05 0.2462 ± 06 I 08 0.00498 ± 08 06 6.8 99 0.24 0.05 1.94 0.1848 2696± 13 15 
16.1 1.39 ± 03 08 0.1942 ± 04 I 03 0.00087 ± 03 03 1.2 138 0.4 0.10 1.41 0.1834 2684 ±06 06 
16.3 1.67 ± 03 04 0.1867 ± 06 I 06 0.00022 ± 02 05 0.3 116 0.21 0.027 1.67 0.1839 2689 ±07 09 
17.2 2.90 ± 06 18 0.2166 ± 05 I 15 0.00342 ± 07 12 4.7 66 0.32 0.11 3.04 0.1740 2596± 12 24 
18.2 5.99 ± 12 04 0.3304 ± 06 I 10 0.01221 ± 11 08 16.7 27 0.4 0.5 7.19 0.1789 2643 ± 20 23 
19.2 9.09 ± 18 25 0.4867 ± 06 I 18 0.02527 ± 14 15 34.6 15 1.1 0.8 13.88 0.1703 2561±33 50 
20.1 11.49 ± 23 07 0.4198 ± 07 I 17 0.01991±15 14 27.2 13 1.0 1.0 15.80 0.1706 2563 ±31 41 
87-330 Mixed Analyses 
4.1 2.40 ± 05 I 03 0.1894 ± 04 I 06 0.00217 ± 04 I 05 3.0 86 0.21 0.17 2.48 0.1619 2476 ±08111 
5.1 2.82 ± 06108 0.2352 ± 04 I 16 0.00712 ± 08 I 13 9.7 76 0.23 0.25 3.12 0.1434 2269±16134 
Ion microprobe data for 36 analyses of zircons from sample 87-330. For further information see footnote 
for table 4.4. 
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Figure 4.13: Tera and Wasserburg (1974) concordia diagram for pegmatite sample 87-330. See the 
legend for figure 4.5 for further information. 
Removing analysis 9.1 as being a likely xenocryst, the remaining 17 analyses of 
opaque zircon yield a best-fit plane with a MSWD of 62 (table 4.13), clearly indicating 
that these data do not form a single population with unique t1, t2 and common Pb 
components. Two of the remaining analyses (7.2 and 15.1) show clear evidence for an 
ancient Pb-loss or young t1 event. Removing these two analyses from the data pool gives 
a best-fit plane with a large MSWD of 4.3. Of the 15 remaining analyses only one 
measurement (15.2) retains a residual much larger than two. Though it does not appear 
unusual in SEM images (figure 4.12), this analysis can also be deleted as a likely 
ancient Pb-loss component. The remaining 14 analyses have a best-fit plane which 
retains a relatively large MSWD of 2.7 with no obvious outliers. The plane-fitting 
approach is therefore unable to define precisely the age of the opaque-type zircon, though 
it does appear that the data converge towards concordia intercept values of circa 2.68 and 
OMa. 
The 16 analyses of margin-type zircon describe a plane with a MSWD of 54, 
clearly indicating that these data do not represent a single population (table 4.13). 
Analysis 7 .1 can be removed from the data pool because it has a 207pbf206pb age which 
is obviously younger than the most of the population; the remaining data define a best-fit 
plane with a large MSWD of 3.4. Two of the 15 remaining analyses have residuals 
which are distinctly larger than those of the rest of the population (10.1 has a residual of 
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-4.6 and 17.2 has a residual of -3.4), suggesting that they too may contain an ancient Pb-
loss or late crystallization component. Both of these analyses were conducted on material 
which appears to be quite 'typical' for the margin-type sub-population, it is only the ion 
microprobe data which points to these two analyses being divergent from the main 
population. Removing these two analyses produces a pool of data with a best-fit plane 
with a MSWD of 0.6. This new plane has t1 and t2 ages of 2681±4 and 38 ± 14 Ma 
(lcr), respectively. Assuming that the three analyses which have been removed, in fact, 
represent zircon which witnessed pre-t2 events, then 2681 ± 4 Ma is the age of the 
margin-type sub-population. This best-fit plane and its associated error hyperboloid give 
a weighted residual of 0.2 for the common Pb contained in the feldspar, implying that the 
feldspars could represent the source of the non-radiogenic Pb contained in this zircon 
sub-population. 
Table 4.13 
F-Test and Best-Fit Plane Parameters for Pegmatite 
Sample 87-330 
F-Test Results 
Error Type N max. 204Pb/206Pb min.% cone. confidence limit age 
counting statistics 1 0.0050 99 95% -2696 ± 13 
observed 1 0.0050 99 99% -2696 ± 15 
Best-Fit Plane Results 
Group N a b c residual tl t2 N>±2a MSWD prob. 
all analyses 36 0.0026 ± 2 0.174 ± 1 13.67 ± 8 -10.3 2546 ± 3 132 ± 8 25 51.04 0.000 
opaque w/o 9.1 1 7 -0.0003 ± 2 0.160 ± 1 13.27 ± 9 -5.3 2453 ± 7 17±10 9 61.94 0.000 
w/o 15.1 & 7.2 15 -0.0003 ± 2 0.184 ± 1 12.02 ± 10 2.8 2681 ± 8 13 ± 8 4 4.28 0.000 
opaque w /o 15 .2 14 -0.0002 ± 2 0.184 ± 1 12.05 ± 10 2.5 2684 ± 8 12± 8 3 2.72 0.002 
margins 16 -0.0049 ± 3 0.183 ± 1 14.19 ± 12 -13.2 2586 ± 4 235 ± 14 13 53.76 0.000 
margins w/o 7 .1 15 -0.0005 ± 1 0.184 ± 1 12.16 ± 12 1.3 2678 ± 4 24± 14 2 3.40 0.000 
w/o 10.1 & 17.2 13 -0.0008 ± 3 0.185 ± 1 12.29 ± 12 0.2 2681±4 38 ± 14 0 0.58 0.828 
Summary of age results for sample 87-330. See the fooblote for table 4.5 for further explanation. 
4.12 Zircon Results from Aplite 87-327 
This final sample is from a fine grained, leucocratic dike which cuts across the 
foliation of the surrounding rocks (figure 4.2). It contains neither an internal foliation 
nor a recrystallized fabric and has sharp contacts which cross-cut all surrounding 
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lithologies. Neither chilled margins nor reaction zones are present. This very leucocratic 
sample contains K-feldspar (sometimes altered), quartz and plagioclase (often myrmekite) 
with minor amounts of opaques and zircon. Based on this sample's lack of internal 
structure and its cross-cutting relationships with all surrounding units, it is interpreted as 
the youngest unit at Poona Rock. 
This sample proved to have a very low zircon content; only five grains were 
recovered from the 1.5 kg sample. The zircon analyses from this sample were grouped, 
using petrographic microscope observations, into two categories based on the presence of 
visible growth zoning: 
MASSIVE -- yellow to pale brown in transmitted light, off-white in reflected light, 
frequently broken fragments with poorly developed or rounded crystal faces 
ZONED -- pale yellow in transmitted light, patchy grey in reflected light, often 
showing areas which do not take a good polish, generally show rounded crystal 
faces. 
SEM images of zircons from this sample (figure 4.14) document a highly 
heterogeneous population. Both zoned and unzoned zircon are visible in backscattered 
electron images. Broken (grain 1), rounded (grain 2), euhedral (grain 3) and corroded 
(grain 4) external grain morphologies are all visible in this population. No unifying 
structural or morphological features are readily discerned in this suite, the only unifying 
features seems to be the relatively small, equant shapes which all of these grains possess. 
Marginal overgrowths, as seen in all of the other samples from Poona Rock, are absent 
from 87-327. 
Only five zircons were recovered from this sample, on which a total of 10 ion 
microprobe U/Pb measurements were made (table 4.14). Using the common Pb 
composition defined by the feldspar to make a 204Pb correction produces a distinct group 
of five concordant analyses with an age of circa 2.65 Ga (figure 4.15). Three other 
analyses are discordant with similar radiogenic 207Pb/206pb values. Two further 
analyses have distinctly younger 207pbf206pb ages. 
Figure 4.14 (overleaf): Scanning electron microscope images for representative zircon grains from 
aplite sample 87-327. See the legend for figure 4.4 for further information. 
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Table 4.14 
Ion Microprobe Data for Aplite Dike Sample 87-327 
grain measured ratiQ§ % % wt% ;rndiogenis;; age 
. spot 238/206 207/206 204/206 com. cone . u Th 23 8/206 207 /206 (Ma) 
87-327 Massive 
1.1 1.80 ± 04 I 06 0.2093± 10 I 16 0.00217 ± 11 I 12 3.0 105 0.04 0.07 1.86 0.1824 2675 ± 18123 
1.2 1.77 ± 041 02 0.2263 ± 08 I 12 0.00372 ± 11 I 10 5.1 105 0.04 0.06 1.87 0.1803 2655 ± 18 I 21 
3.1 2.25 ± 05 I 04 0.2100 ± 08 I 21 0.00268 ± 10 I 17 3.7 85 0.04 0.030 2.34 0.1766 2622± 17132 
3.2 1.85 ± 041 05 0.2220 ± 071 11 0.00340 ± 09 I 09 4.6 101 0.06 0.10 1.94 0.1799 2652± 14117 
5.1 1.88 ± 04 I 02 0.2069 ± 07 I 19 0.00232 ± 08 I 15 3.2 102 0.06 0.08 1.94 0.1782 2636± 13128 
87-327 Zoned 
2.1 4.18 ± 081 05 0.1591 ± 03 I 14 0.00371 ± 05 I 10 5.1 71 0.38 0.15 4.41 0.1095 1792± 14136 
2.2 1.69 ± 03 I 07 0.3606 ± 03 I 09 0.01637 ± 07 I 07 22.4 104 0.4 0.7 2.18 0.1516 2363±16126 
4.1 1.73 ± 04 I 06 0.2493 ± 07 I 09 0.00531 ± 10 I 08 7.3 103 0.11 0.39 1.87 0.1837 2687 ± 17 I 18 
4.2 2.54 ± 05 I 03 0.2211 ± 10 I 16 0.00281 ± 12 I 13 3.8 72 0.038 0.029 2.65 0.1866 2712± 19123 
4.3 2.17 ± 041 05 0.2156 ± 09 I 17 0.00272 ± 10 I 14 3.7 86 0.06 0.04 2.26 0.1819 2671±17125 
Ion microprobe data for 10 analyses of zircons from sample 87-327. For further information see footnote 
for table 4.4. 
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Figure 4.15: Tera and Wasserburg (1974) concordia diagram for aplite sample 87-327. See the legend 
for figure 4.5 for further information. 
Assuming that the emplacement age of this rock is represented by the cluster of 
concordant measurements, then no obvious xenocrysts are present in this data set. Thus 
the evaluation of these data using the F-test approach starts by removing the four most 
discordant analyses (2.1, 3.1, 4.2 and 4.3). Although apparently concordant, analysis 
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2.2 can be removed from the pool of data because it has a distinctly lower radiogenic 
207Pb/206pb ratio. Five analyses (1.1, 1.2, 3.2, 4.3 and 5.1) remain on which to begin 
the F-test procedure. 
Using ion counting-based error estimates, the five radiogenic 207Pb/206pb ratios 
represent a single population at the 95% confidence level with a weighted mean age of 
2654 ± 7 Ma (1 cr). Likewise, using the errors based on the observed internal scatter, 
these same five analyses define a single population with an age of 2657 ± 10 Ma. These 
two ages are statistically indistinguishable. 
The plane-fitting approach applied to all 10 analyses yields a plane with a large 
MSWD of 12 (table 4.15), clearly indicating that these data do not represent a single 
population with unique ti, t2 and common Pb components. Removing the two analyses 
(2.1 and 2.2) which have distinctly low radiogenic 207pbf206pb ratios produces an eight 
component data pool with a best-fit plane with a low MSWD of 1.0 and with ti and t2 
concordia intercept ages of 2626 ± 26 and -307 ± 198 Ma (lcr), respectively. This best-
fit plane and its associated error hyperboloid give a weighted residual of -1.5 for the 
common Pb contained in the feldspar, implying that the feldspars could represent the 
source of the non-radiogenic Pb. Though it cannot be definitively excluded that the 
concordant analysis 2.1 represents the true emplacement age of the aplite, the 2626 ± 26 
Ma age is the preferred estimate for the age of emplacement because of the large number 
of analyses which support this age. The five analyses of massive-type zircon define a 
plane with a low MSWD and a similar ti age (table 4.15). 
Table 4.15 
F-Test and Best-Fit Plane Parameters for Aplite Sample 87-327 
F-Test Results 
Error Type N max. 204Pb/206Pb min.% cone. confidence limit age 
counting statistics 5 0.0053 100 95% 2654 ± 7 
observed 5 0.0053 100 99% 2657 ± 10 
observed 5 0.0053 100 95% 2657 ± 10 
observed 5 0.0053 100 90% 2657 ± 10 
Best-Fit Plane Results 
Group N a b c residual ti t1 N>±2o MSWD prob. 
all analyses 10 -0.0259 ± 12 0.239 ± 3 10.10 ± 17 8.9 2742 ± 13 919 ± 32 3 11.90 0.000 
all w/o 2.1 & 2.2 8 -0.0058 ± 34 0.166 ± 8 13.72 ± 84 -1.5 2626 ± 26 -307 ± 198 0 1.03 0.399 
massive 5 -0.0100 ± 73 0.201 ± 1611.64 ± 159 0.3 2665 ± 48 427 ± 280 0 0.32 0.725 
Summary of age results for sample 87-327. See the footnote for table 4.5 for further explanation. 
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4.13 Discussion: Zircon Internal Structures 
The internal structures seen in the SEM images reflect the mechanisms involved 
in zircon growth, recrystallization and resorption. Despite the small size and relatively 
limited span of geologic time represented at Poona Rock, highly heterogeneous zircon 
populations were found. Distinct differences were found not only between the six 
samples, but also between different grains from within single samples. The only 
unifying structural feature found was the presence of finely zoned overgrowths in the 
four granitic/gneissic samples. Unfortunately, the ion microprobe measurements were 
frequently neither concordant nor highly reproducible. Therefore, it is not possible to 
determine if the overgrowths represent a single period of in situ zircon growth. The 2617 
± 30 Ma (la) age obtained from the margin-type zircons in the mesocratic granite sample 
87-326 would speak against this model, but this age has a somewhat low probability of 
fit of only 0.149 (table 4.11). The fact that the margin-type zircons contained in the 
various granitoid samples do not generally define a single age may imply that this zircon 
type resulted from multiple periods of formation. The absence of this zircon type in the 
late pegmatite and aplite veins may indicate that the finely zoned overgrowths formed 
prior to pegmatite emplacement at circa 2.68 Ma. 
The highly heterogeneous appearance of the zircon interiors must reflect highly 
heterogeneous environments of formation. This observation has significance for 
understanding the magmatic processes which led to zircon growth. With the possible 
exception of the 'dark-bands' seen in samples 87-329, 87-326 and 87-328, no unifying 
characteristic is found within the grain interiors. Despite the close proximity of the the 
various sample sites (figure 4.2), there is no compelling argument for large degrees of 
incorporation of zircons from the earlier gneissic phases into the younger granitic 
lithologies. The fact that highly heterogeneous structures are found between different 
grains from within individual samples must also imply crystallization from heterogeneous 
magmatic environments. Whether this reflects crystallization from a single, 
heterogeneous magma chamber or post-crystallization assembly from independent 
sources is not known. Periods of resorption, recrystallization and rounding also attest to 
a complex post-crystallization history of these zircon populations. 
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4.14 Discussion: Zircon Age Results 
All six samples collected from Poona Rock yield Late Archean ages. These ages 
are summarized in figure 4.16. These data demonstrate that the Murgoo Gneiss is, at 
least in part, contemporaneous with the recrystallized monzogranites of the central 
Murchison Province (chapter 2). No evidence was found to correlate the Murgoo Gneiss 
Complex with the pegmatite-banded gneiss which was dated further to the east. 
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Figure 4.16: Compilation of the calculated ages for the six samples from Poona Rock. Open squares 
use ion counting-based errors applied to the F-test. Filled squares use the observed errors applied to the F-
test. Filled diamond are the upper concordia intercept ages for best-fit plane for the structural group 
indicated. Results shown in grey tone are based only on a single analysis. Error bars are lcr. 
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For sample 87-329 the three different methods of data assessment yield identical 
results to within error. Other samples show significant differences between the F-test and 
best-fit plane approaches (87-331) or between using counting statistic and observed 
errors (87-326). For most samples the precision estimates were also found to depend 
significantly on which technique was used for the calculation. Obviously, the 
assumptions made during data assessment can have large effects on the age results which 
are ultimately calculated. These effects should not be overlooked when high precision 
data are being interpreted. 
Using the ages calculated on the basis of ion counting-based errors (open 
squares in figure 4.16), the ion microprobe data are not compatible with field geology 
information: both samples of granite give ages which are significantly older than the 
foliated gneiss sample 87-331. In contrast, the ages calculated using the observed errors 
of the individual samples (filled squares in figure 4.16) show the same sequence as 
observed in the field data. Based on this assessment technique, the deformation event 
which was responsible for the gneissic fabric must have occurred between 2704 ± 4 and 
2696 ± 4 Ma (lcr). Calculations based on the observed precisions of the individual 
analyses can not distinguish a difference in ages between either of the two granitic 
samples and the pegmatite. Both ion counting and observed errors indicate that the age of 
the aplite is significantly younger than any of the five granitoid samples. This is in 
agreement with the field observations. 
Applying three dimensional plane-fitting to the non-margin-type zircons gives 
statistically indistinguishable ages for the three granitoid samples 87-329, 87-331 and 87-
326. Massive-type zircon in the mesocratic granite gave a somewhat younger age, but 
this value has a probability of fit of only 0.062 (table 4.11). Samples 87-331 and 87-
326 yield best-fit planes with ages which are substantially older than the ages obtained 
using the F-test applied to the observed errors. This may imply the presence of minor 
xenocrystic components, which would invalidate the F-test approach. Two samples (87-
329 and 87-330) yield best-fit planes for the margin-type sub-populations with 
indistinguishable upper concordia intercept ages, though one sample gave very poor 
precision. The similarity in ages suggests that a period of margin-type zircon formation 
may have occurred late in the evolution of Poona Rock. An argument against this model 
of late in situ formation of overgrowths is that the margins in these two samples have 
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very different appearances. A third sample (87-328) gave a best-fit plane for the margin-
type zircon which was considerably younger. 
The ion microprobe data also provide information about the non-magmatic 
components contained in these samples. Xenocrysts were found with ages ranging up to 
3364 ± 6 Ma (lcr -- sample 87-329 analysis 9.1). Fifteen of the 193 ion microprobe 
analyses gave radiogenic 207pbf206pb ages older than 2.75 Ga. The presence of ages in 
excess of 3.0 Ga is not typical of the central Murchison Province (see chapter 2), whereas 
such crystallization ages are not uncommon in the Narryer Gneiss Complex to the west of 
the Yalgar Fault (Myers, 1988; Nutman et al., 1991). This implies that the juxtaposing of 
the Murchison Province and the N arryer Gneiss Complex had already occurred prior to 
the emplacement of the Murgoo Gneiss at Poona Rock at circa 2. 71 Ga, and supports 
Myers (1988) conclusion that the two terrains had attained their current relative positions 
not later than circa 2. 7 Ga. 
The ion microprobe data also provide information about the post-Archean history 
of Poona Rock. Sixty-four of the 193 analyses gave radiogenic 207Pb/206pb ages 
younger than 2.60 Ga, the youngest age was 1672 ± 30 Ma (lcr -- sample 87-331 
analysis 6.1). This group of younger ages includes near concordant data with ages at 
2.36 and between 2.54 to 2.58 Ga. This implies the presence of very Early Proterozoic 
activity in the area. The youngest 207pbf206pb ages must imply that Late Proterozoic or 
Phanerozoic activity also took place. The t2 lower concordia intercept ages of the various 
best-fit planes also indicate the presence of pre-0 Ma events. Margin-type zircon in 
sample 87-329 gave a t2 age of 697 ± 188 Ma. Massive-type zircon in sample 87-328 
gave a t2 age of 114 ± 39 Ma, interior-type zircon in sample 87-331 gave a t2 age of 96 ± 
36 Ma, transparent-type zircon in 87-326 gave a t2 age of 48 ± 15 Ma; these all point to 
Cretaceous or Tertiary events. These data imply that the 0 Ma lower concordia intercept 
assumed by the F-test approach is not strictly valid. Such young ages might reflect Pb-
loss related to pressure release during uplift and erosion (Goldich and Mudrey, 1972). 
4.15 Conclusions 
The primary conclusion of this study is that Poona Rock formed during the Late 
Archean. This represents the first detailed information about the age of the central part of 
the Murgoo Gneiss Complex. Combined with deductions from field observations, this 
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points to a rapid evolution of this tectonic terrain, only circa 40 Ma passed between the 
crystallization of the oldest orthogneiss and the emplacement of the pegmatite lenses. The 
ion microprobe data also indicate that Late Archean/Early Proterozoic and 
Cretaceous/Tertiary events also affected the zircons. No compelling evidence was found 
for a Recent (i.e. 0 Ma) disturbance at Poona Rock. 
Zircon structural information obtained from SEM images demonstrates a very 
heterogeneous population both between samples and between grains of individual 
samples. The only unifying feature found was the presence of structurally similar 
margin-type zircon in the four granitoid samples. The ion microprobe data are unable to 
demonstrate that these overgrowths formed in the different samples at the same time. 
Otherwise, the highly heterogeneous appearance of these populations must reflect 
crystallization from a very wide variety of magmatic environments. This feature is even 
more striking when considering both the limited time and the very limited geographical 
dimensions in which the parent magmas were emplaced. 
The zircon analyses from Poona Rock were assessed using three different 
methods: the F-test using ion counting-based errors, the F-test using the observed internal 
error of the individual analyses and plane-fitting using the measured isotopic ratios. 
Comparisons of the ages calculated from these approaches showed cases where they gave 
significantly discrepant results. In order to justify high precision determinations of the 
age of isotopically complex zircon populations, it is essential to assess the effects of the 
various assumptions made during the data evaluation process. 
The Pb isotopic compositions of feldspars were measured by ion microprobe for 
all six samples collected from Poona Rock. These data are consistent with a single non-
radiogenic population with the subsequent addition of a single radiogenic component. 
Since the internal structures within the zircons point to the crystallization from widely 
variable environments, either the source environments all contain identical Pb isotopic 
signatures or the feldspars underwent Pb isotopic homogenization subsequent to the 
crystallization of the youngest lithology. 
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Conclusion 
The initial objective of this thesis was to measure single zircon U/Pb ages from carefully 
selected samples using an ion microprobe. This technique, pioneered by SHRIMP, has 
the unique advantages of both high spatial resolution and being non-destructive. Further 
advantages of this technique are that it essentially eliminates laboratory-introduced blank, 
it is very rapid and it allows the operator to evaluate each measurement during the course 
an analytical session. Since becoming operational nearly a decade ago, SHRIMP has 
clearly demonstrated the complex U/Pb systematics which are a characteristic of many 
zircon populations. In many cases, such as that presented in chapter 3, accurate age 
determination would not be possible without the special advantages offered by this 
technique. 
Chapter two of this thesis establishes a chronological framework for the 100,000 
km2 Late Archean Murchison Province. Fundamental to this work was the existence of a 
well-established model for the tectonic evolution of this region. Such a model was 
available from extensive field mapping which had been undertaken by the Geological 
Survey of Western Australia. Based on a small number of key samples collected from 
throughout the Murchison granite-greenstone terrain, it was possible to produce a detailed 
time scale for the evolution of this region. The work of my coauthor and myself has 
established the age of three plutonic series which are found across the region. This work 
also identified the the presence of a previously unsuspected subvolcanic tonalite suite 
which is believed to be coeval with and related to the Mount Framer Group greenstones. 
By integrating field information and zircon ages determined with the ion microprobe, it 
was also possible to constrain the timing of broad-scale deformation and metamorphic 
events. This research has established a regional chronology for the Murchison Province 
which future workers will be able to build upon. 
A second study, employing detailed mapping and high density sampling, was 
conducted in the western-most portion of the Murchison Province. Chapter four presents 
the first U/Pb age determinations for the Murgoo Gneiss Complex. The laboratory data 
conclusively show that the orthogneisses and granites which make up the bulk of Poona 
Rock were em placed during a brief period during the Late Archean. This plutonic activity 
was closely associated in time with the development of the local NE-SW foliation which 
is also seen on a regional scale. The combination of laboratory data and field 
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observations also established the age of a series of late tectonic of pegmatite veins and 
post-tectonic aplite dikes. U/Pb data also identified the presence of mid- and Late 
Archean xenocrystic materials. This information places new constraints on tectonic 
models for the evolution of the northwestern Yilgarn Craton: apparently the Narryer 
Gneiss complex and the Murchison Province were already juxtaposed at the time Poona 
Rock formed. Furthermore, the establishment of a 2.7 Ga emplacement age for Poona 
Rock documents that the Murgoo Gneiss Complex and the recrystallized monzogranite of 
the central Murchison Province are broadly coeval, thus building on the work presented 
earlier in chapter two. 
This thesis has devoted much effort to testing and refining the ion microprobe 
data assessment technique. A major emphasis was the implementation of the 3-
dimensional discordia technique. This new approach to assessing SHRIMP data has two 
main advantages over the 'normal' data assessment technique: the 3-dimensional 
approach requires neither an assumed common Pb isotopic composition nor an assumed 
lower concordia intercept age. The 3-dimensional approach describes directly both of the 
parameters using only the measured isotopic data. The 3-dimensional method must be 
considered a more robust means for calculating the age of a sample, since it requires 
fewer assumptions than the 'normal' weighted 207pbf206pb approach. Despite these 
advantages, a number of cases were found where even the 3-dimensional treatment was 
unable to calculate a reliable age; this was due to the presence of more than the three end-
member components allowed for by this technique. Complex zircon populations, where 
variations in the concordia intercept ages are small, continue to present a problem at the 
precision levels which SHRIMP currently achieves routinely. 
This thesis also showed that Poisson ion counting frequently underestimates the 
uncertainties assigned to the measured isotopic ratios. It was demonstrated that the 
internal scatter between the seven scans of the mass spectrum often exceeds the error 
estimates based on the best-'possible-limit provided by the observed ion count rates. In 
chapter four it was shown that using ion counting-based error estimates, when combined 
with the 'normal' SHRIMP data assessment technique, can generate mean age estimates 
which differ significantly from those calculated using the observed internal 
reproducibilities. Precision estimates based on ion counting should therefore be 
abandoned. 
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As a routine part of data acquisition, some 300 repeat measurements were made 
on the SL3 calibration standard. These data identified the presence of excess overcounts 
on the 204pb mass station which were present prior to October 1987. This effect leads to 
a systematic overestimation of the concentration of common Pb contained in a target. 
Therefore, it was necessary to apply a correction to all data which were collected during 
this period. The standard data also suggest the presence of significant mass fractionation 
-- an effect previously disregarded during routine data assessment. A further 
complication was also encountered when the SL3 standard was determined to have an 
inhomogeneous U/Pb distribution. 
This research also included an investigation of the phenomenon of reverse 
discordance. During the survey of granitoid emplacement ages in the Murchison 
Province, a 204Pb-rich sample was discovered which yielded U/Pb ages which were 
systematically older than the 207Pb/206pb ages. It was concluded that this population 
contained a single external Pb with a low 204Pb/206pb ratio whose radiogenic component 
had a 207Pb/206pb age which is indistinguishable from the emplacement age of the 
sample. Based on comparison with IDTIMS data, it appears that this external component 
had sputtering characteristics which differed greatly from those of the calibration 
standard, thereby leading to spuriously old U/Pb ages being measured by the ion 
microprobe. This investigation was only possible because of the non-destructive nature 
of the ion microprobe technique. 
The ion microprobe has proven itself a unique and powerful tool in the field of 
geochronology. The future for this technique holds much promise. It seems likely that 
further advances both in instrumentation and data assessment can be anticipated. 
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List of Major Results of Thesis 
On the recommendation of two external examiners, it was requested that an 
addition be made indicating what conclusions had been reached in light of the objectives 
stated at the beginning of this thesis (page A). The following reiterates the conclusions 
which have been discussed in the various chapters of the this 1992 version of this thesis: 
Objective 1 (an independent and critical assessment of true reliability --
Chapters 1 & 4): With the possible exception of Compston et al. (1984), no thorough 
description has ever been published on the method used to generate zircon ages using the 
SHRIMP ion probe. This shortcoming led to a substantial part of this thesis being 
devoted to the issue of how ages are calculated and how their error estimates are obtained. 
Three different aspects concerning precision and accuracy were involved in this 
investigation: 
1. Mass fractionation of the Pb isotopic spectrum: Chapter 1 provides 
a detailed discussion of the likely presence of mass fractionation in the SHRIMP ion 
microprobe. The best estimate for linear mass fractionation by SHRIMP is between 4%o 
and 5%o per mass unit. Though overlooked in most ion probe publications, this value is 
significant when high precision ages are being calculated (see figure 1.4). This result is 
directly dependent on the age assumed for the SL3 zircon standard. Another result of this 
study of the SL3 standard is that the long-term stability of the mass fractionation is 
around ±1 %0 for the 207pbf206Pb ratio (see pages 12 - 13), placing an absolute limit to the 
attainable precision for 207Pb/206pb ages. This conclusion is independent of the age 
assumed for the standard. This issue of the reproduCibility of Pb isotopic ratio has also 
been overlooked in previous published works. 
2. Suitability of the standards: In 1986, at the beginning of this work, all 
Pb/U ratios were routinely determined by reference to the SL3 standard. On 14 February 
1987, during routine data collection, a series of tightly clustered analyses was conducted 
on SL3 (see figure 1.3). These data were subsequently interpreted as definite proof of 
Pb-loss from the target (W. Compston, pers. comm., 1987), a phenomenon also obvious 
in the IDTIMS data (see table A.3 and figure A.l). Subsequently, the SL3 zircon 
was abandoned because it is clearly unsuitable for use as a calibration standard. This 
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work with the standards also revealed a previously unsuspected interference on the 204Pb 
mass station (first suggested by R. Hill, 1987). The analysis presented here (see figure 
1.5) clearly indicates that this effect extended back until at least until November 1986. 
All data collected during the period when excess counts were being generated suffer from 
an excessively large common Pb correction when the observed 204pb is employed. This 
would generate systematically low radiogenic 207pbf206pb ages. How long back in time 
this defect was present has not been assessed by other ion probe users. Finally, electron 
probe analyses of the Broken Hill feldspar standard (see table A.5) revealed a mean Pb 
content of 2%; much higher than the 1.2% concentration which the standard had been 
assigned earlier. 
3. The use of ion counting statistics and sequential statistical 
rejection: In 1989 it became apparent that Pb isotopic ratio measurements were subject 
to significant precision underestimation when using ion counting statistics alone. This 
meant that all U-Pb data measured using SHRIMP needed to be reassessed on the basis 
of their observed internal scatter (see figure 2.2). Having clearly established that ion 
counting statistics is prone to significant error underestimation, the data from Poona Rock 
were assessed using both counting statistics-based and the 'true' observed errors (see 
tables 4.5, 4.7, 4.9, 4.11, 4.13 and 4.15). It was shown that the two ways of 
estimating errors can yield significantly different final age results. Furthermore, when 
combined with the statistically unsound but commonly used sequential rejection 
procedure, such error underestimation can result in analyses being misidentified as 
outliers from the main population. The use of both ion counting-based errors and 
sequential rejection procedure should be abandoned. 
Objective 2 (develop alternative methods for assessing ion probe data --
Chapters 2, 3 & 4): As early as late 1987, work began on using a three-dimensional 
concordia procedure for calculating the age of a zircon population. This technique of 
calculating the age of a zircon population obviates the need to assume either a known 
common Pb isotopic composition or a known t2 age for a single disturbance of the U~Pb 
system. It was shown that avoiding these assumptions could lead to significantly 
different age results (e.g. table 4.7). Since these two assumptions contribute nothing to 
the data assessment process, the more flexible three dimensional assessment should 
become routine practice for assessing population homogeneity and establishing concordia 
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intercept ages. The best-fit plane approach can not establish conclusive crystallization 
ages for complex zircons suites (e.g. tables 2.2 and 2.3) containing multiple post-
crystallization ages or cryptic xenocrystic components. 
Objective 3 (the evolution of the Murchison Province -- Chapter 2): The 
seven samples analyzed from the Murchison Province gave ages ranging between 2919 
and 2602 Ma (see table 2.13). These results, combined with field-based data (field 
mapping conducted by the Geological Survey of Western Australia), constrain the timing 
of the metamorphic and structural events and the age of the two greenstone sequences 
which have been identified in the region (see table 2.1). 
Objective 4 (combining large-scale mapping and close sampling -- Chapter 
4): Detailed mapping and sampling were conducted during two months of fieldwork 
undertaken during 1987. Laboratory data from one of these projects, conducted at the 
Jillawarra Bore locality, are presented in Appendix E of this thesis. A brief discussion of 
these data is given in Appendix C. Six samples from another locality, Poona Rock in the 
western Murchison Province, were analyzed by ion probe and these results and the field 
data are presented in Chapter 4. 
Laboratory data from the Poona Rock samples imply a very rapid evolution of 
the Murgoo Gneisses. The five samples of gneisses and granites all give Late Archean 
crystallization ages which span a period of only some 50 Ma (see figure 4.16). The 
crystallization of the protoliths of two gneissic units, metamorphism and deformation, the 
subsequent intrusion of two distinct granitic lithologies and the emplacement of late 
pegmatite veins all occurred within this brief span of time. The age of the deformation 
which produced the gneissic fabric has been constrained to between 2704 ± 4 and 2696 ± 
4 Ma (la). The younger deformation event which produced the boudinage structures in 
the pegmatite veins could be dated at between 2696 ± 15 Ma (la) (the most likely 
younger limiting age of emplacement of the pegmatites, see page 142) and 2626 ± 26 Ma 
(the t1 intercept age for the post-tectonic aplite sample which is interpreted as the intrusion 
age of this youngest lithology). The presence of mid-Archean xenocrysts implies that the 
juxtaposition of the Murchison Province and the Narryer Gneiss Complex predates the 
Late Archean magmatism which produced Poona Rock. 
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APPENDIX A: 
THE STANDARDS 
A.1 Ion Microprobe Analysis of the SL3 Zircon Standard 
The SL3 zircon standard was analyzed a total of 312 times during the course of this 
thesis. These data have been extensively discussed in the latter portions of chapter 1. 
The following table gives these data. 
Table A.I 
Ion Microprobe Analyses of the SL3 Standard 
Date of __ ppm ragiogenic % Pb/U 
analysis u Th 204pbf206pb 207pbf206pb 208pbf206pb206pbf238u comm. age 
86 Nov 20 3709 360 0.000222 ± 19 0.06138 ± 25 0.03412 ± 22 0.09438 0.36 581 
86Nov20 3393 327 0.000128 ± 12 0.06081±24 0.03339 ± 21 0.09251 0.20 570 
86Nov20 3639 363 0.000128 ± 17 0.06077 ± 27 0.03344 ± 24 0.09268 0.20 571 
86 Nov 20 3440 346 0.000293 ± 20 0.06117 ± 24 0.03564 ± 21 0.09186 0.47 567 
86 Nov 29 3305 285 0.000158 ± 20 0.06211±29 0.03180 ± 25 0.09087 0.25 561 
86 Nov 29 3784 319 0.000111 ± 20 0.06063 ± 25 0.03096 ± 21 0.09468 0.18 583 
86 Nov 29 3416 370 0.000282 ± 22 0.06238 ± 26 0.04106 ± 25 0.09352 0.45 576 
86 Nov 29 3710 313 0.000179 ± 17 0.06122 ± 25 0.03126 ± 21 0.09208 0.29 568 
87 Jan 24 3486 332 0.000239 ± 41 0.06088 ± 54 0.03283 ± 46 0.09130 0.38 563 
87 Jan 24 3635 349 0.000171 ± 32 0.06088 ± 49 0.03537 ± 45 0.09433 0.27 581 
87 Jan 24 2955 277 0.000224 ± 32 0.06175 ± 44 0.03591±40 0.09362 0.36 577 
87 Jan 24 2843 270 0.000107 ± 22 0.06064 ± 43 0.03322 ± 38 0.08970 0.17 554 
87 Jan 24 4729 437 0.000181 ± 35 0.06110 ± 43 0.03288 ± 37 0.09380 0.29 578 
87 Jan 24 3841 347 0.000146 ± 22 0.05997 ± 37 0.03163 ± 32 0.09550 0.23 588 
87 Jan 24 3933 357 0.000112 ± 15 0.06003 ± 40 0.03203 ± 34 0.09058 0.18 559 
87 Jan 24 3435 327 0.000159 ± 27 0.06113 ± 46 0.03374 ± 40 0.09376 0.26 578 
87 Jan 24 3652 347 0.000146 ± 25 0.06005 ± 42 0.03441 ± 37 0.09193 0.23 567 
87 Feb 12 3594 430 0.000125 ± 24 0.05920 ± 32 0.03958 ± 31 0.09305 0.20 574 
87 Feb 12 3147 310 0.000171 ± 22 0.05987 ± 35 0.03340 ± 30 0.08868 0.27 548 
87 Feb 12 3497 362 0.000150 ± 20 0.06016 ± 33 0.03350 ± 29 0.09597 0.24 591 
87 Feb 12 4052 444 0.000138 ± 21 0.06005 ± 34 0.03501 ± 30 0.09471 0.22 583 
87 Feb 12 3136 315 0.000067 ± 15 0.05904 ± 34 0.03304 ± 30 0.08602 0.11 532 
87 Feb 14 3489 322 0.000450 ± 42 0.06294 ± 39 0.03725 ± 36 0.09555 0.72 588 
87 Feb 14 3575 339 0.000371 ± 45 0.06292 ± 49 0.03600 ± 44 0.08502 0.59 526 
87 Feb 14 3203 301 0.000328 ± 32 0.06199 ± 36 0.03680 ± 33 0.09490 0.52 584 
87 Feb 14 3537 339 0.000263 ± 36 0.06130 ± 42 0.03387 ± 37 0.08265 0.42 512 
87 Feb 14 3724 343 0.000290 ± 37 0.06144 ± 41 0.03675 ± 37 0.10024 0.46 616 
87 Feb 14 3795 371 0.000212 ± 23 0.06125 ± 32 0.03738 ± 30 0.10797 0.34 661 
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(table A.I continued) 
Date of __ ppm radiog~niQ % Pb/U 
analysis u Th 204pbf206pb 207pbf206pb 208pb/206pb206pbf238u comm. age 
87 Feb 14 3573 343 0.000305 ± 37 0.06314 ± 42 0.03817 ± 39 0.08684 0.49 537 
87 Feb 15 3113 291 0.000318 ± 28 0.06197 ± 31 0.03636 ± 28 0.08913 0.51 550 
87 Feb 15 3475 325 0.000237 ± 25 0.06100 ± 32 0.03351 ± 28 0.09129 0.38 563 
87 Feb 15 3836 362 0.000252 ± 27 0.06055 ± 33 0.03475 ± 29 0.09445 0.40 582 
87 Feb 15 3844 365 0.000195 ± 22 0.06116 ± 31 0.03392 ± 27 0.09796 0.31 602 
87 Feb 15 3793 362 0.000357 ± 32 0.06165 ± 36 0.03489 ± 32 0.08477 0.57 525 
87 Feb 15 3559 337 0.000226 ± 26 0.06214 ± 34 0.03580 ± 31 0.09613 0.36 592 
87 Feb 20 3625 376 0.000363 ± 28 0.06314 ± 31 0.04361 ± 31 0.09096 0.58 561 
87 Feb 20 3539 365 0.000306 ± 25 0.06280 ± 30 0.04265 ± 29 0.09510 0.49 586 
87 Feb 20 3327 346 0.000292 ± 27 0.06202 ± 33 0.04235 ± 33 0.09369 0.47 577 
87 Feb 20 3690 386 0.000335 ± 28 0.06354 ± 33 0.04345 ± 33 0.09162 0.54 565 
87Mar12 3416 307 0.000186 ± 25 0.06027 ± 31 0.03407 ± 28 0.08931 0.30 551 
87Mar12 3527 316 0.000130 ± 18 0.06109 ± 26 0.03260 ± 23 0.09205 0.21 568 
87Mar12 3642 329 0.000158 ± 22 0.06065 ± 30 0.03305 ± 26 0.09390 0.25 579 
87Mar12 3575 322 0.000140 ± 18 0.06070 ± 31 0.03243 ± 26 0.09550 0.22 588 
87Mar12 3631 332 0.000248 ± 35 0.06201±43 0.03417 ± 38 0.09311 0.40 574 
87Mar12 3611 323 0.000230 ± 31 0.06197 ± 40 0.03328 ± 35 0.09193 0.37 567 
87Mar12 3413 308 0.000291 ± 34 0.06066 ± 39 0.03493 ± 35 0.09369 0.47 577 
87Mar12 3524 320 0.000233 ± 33 0.06166 ± 41 0.03465 ± 36 0.09281 0.37 572 
87 Jul 29 3416 300 0.000579 ± 50 0.06344 ± 43 0.03694 ± 39 0.09191 0.93 567 
87 Jul 29 3309 290 0.000421 ± 44 0.06389 ± 44 0.03804 ± 40 0.09127 0.67 563 
87 Jul 29 3644 325 0.000541 ± 46 0.06366 ± 42 0.03880 ± 39 0.09315 0.87 574 
87 Jul 29 3689 330 0.000505 ± 50 0.06464 ± 48 0.03759 ± 43 0.09398 0.81 579 
87 Jul 29 3623 322 0.000641 ± 62 0.06529 ± 50 0.04056 ± 47 0.09391 1.03 579 
87 Jul 29 3627 323 0.000483 ± 55 0.06421±54 0.03935 ± 50 0.09460 0.77 583 
87 Jul 29 3407 297 0.001555 ± 92 0.08898 ± 59 0.07150 ± 63 0.09258 2.49 571 
87 Jul 29 3924 341 0.001173 ± 79 0.07496 ± 54 0.06543 ± 60 0.09481 1.88 584 
87 Jul 29 3348 294 0.000909 ± 78 0.07470 ± 61 0.06123 ± 65 0.09180 1.45 566 
87 Jul 30 3631 323 0.000816 ± 59 0.06596 ± 43 0.03994 ± 39 0.08991 1.31 555 
87 Jul 30 3382 303 0.000798 ± 60 0.06832 ± 47 0.04669 ± 45 0.09236 1.28 569 
87 Jul 30 4034 367 0.000657 ± 60 0.06700 ± 51 0.04366 ± 49 0.09515 1.05 586 
87 Jul 30 3489 307 0.000350 ± 33 0.06195 ± 35 0.03439 ± 31 0.09214 0.56 568 
87 Jul 30 3289 294 0.000287 ± 33 0.06277 ± 39 0.03500 ± 34 0.09606 0.46 591 
87 Jul 31 3532 314 0.000517 ± 47 0.06199 ± 43 0.03538 ± 39 0.09188 0.83 567 
87 Jul 31 3601 320 0.000369 ± 38 0.06060 ± 41 0.03397 ± 36 0.08964 0.59 553 
87Jul31 4225 387 0.000281 ± 34 0.06109 ± 42 0.03357 ± 37 0.09697 0.45 597 
87 Jul 31 3414 307 0.000252 ± 34 0.06187 ± 42 0.03519 ± 37 0.09184 0.40 566 
87 Jul 31 3309 337 0.000530 ± 46 0.06476 ± 43 0.04315 ± 41 0.09222 0.85 569 
87 Jul 31 3867 410 0.000316 ± 36 0.06237 ± 43 0.04034 ± 40 0.09328 0.51 575 
87 Jul 31 3579 374 0.000350 ± 37 0.06388 ± 42 0.04380 ± 41 0.09169 0.56 566 
87 Jul 31 3543 373 0.000323 ± 38 0.06287 ± 42 0.04195 ± 41 0.09207 0.52 568 
87 Jul 31 3460 350 0.000318 ± 34 0.06294 ± 41 0.04198 ± 40 0.09553 0.51 588 
87 Aug 02 3847 418 0.000970 ± 58 0.06576 ± 38 0.04462 ± 37 0.08861 1.55 547 
87 Aug 02 3621 378 0.000784 ± 52 0.06426 ± 37 0.04226 ± 35 0.09016 1.26 556 
87 Aug 02 3481 312 0.000403 ± 41 0.06392 ± 42 0.03604 ± 37 0.09147 0.64 564 
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(table A.I continued) 
Date of __ ppm radiogenic % Pb/U 
analysis u Th 204pb/206pb 207pbf206pb 208pbf206pb206pb/238u comm. age 
87 Aug 02 3589 325 0.000584 ± 47 0.06395 ± 40 0.03874 ± 36 0.09493 0.93 585 
87 Aug 02 3283 296 0.000476 ± 47 0.06428 ± 43 0.03756 ± 38 0.09093 0.76 561 
87 Aug 02 3547 323 0.000485 ± 43 0.06373 ± 40 0.03801 ± 36 0.09504 0.78 585 
87 Aug 02 3559 327 0.000416 ± 48 0.06424 ± 44 0.03665 ± 39 0.09685 0.66 596 
87 Aug 02 3379 306 0.000245 ± 25 0.06067 ± 34 0.03308 ± 30 0.09090 0.39 561 
87 Aug 02 3636 336 0.000435 ± 45 0.06236 ± 43 0.03582 ± 38 0.09722 0.70 598 
87 Aug 08 3539 380 0.000573 ± 57 0.06510 ± 48 0.04536 ± 47 0.09337 0.92 575 
87 Aug 08 3314 352 0.000716 ± 59 0.06657 ± 47 0.05078 ± 49 0.08883 1.15 549 
87 Aug 08 3799 415 0.000469 ± 48 0.06409 ± 45 0.04278 ± 44 0.09603 0.75 591 
87 Aug08 3571 395 0.000735 ± 55 0.06591±44 0.05066 ± 46 0.09435 1.18 581 
87 Aug 11 3534 360 0.001007 ± 121 0.06969 ± 82 0.04876 ± 81 0.09079 1.61 560 
87 Aug 11 3355 343 0.000888 ± 116 0.06862 ± 79 0.05281 ± 82 0.09337 1.42 575 
87 Aug 11 3696 390 0.001152 ± 128 0.07099 ± 82 0.05721 ± 87 0.09337 1.84 575 
87 Aug 11 3518 374 0.001044 ± 120 0.07102 ± 85 0.05629 ± 90 0.09356 1.67 577 
87 Aug 11 3617 391 0.000891±117 0.06989 ± 86 0.05327 ± 89 0.09317 1.43 574 
87 Aug 11 3536 363 0.000557 ± 52 0.06355 ± 45 0.04253 ± 44 0.09019 0.89 557 
87 Aug 11 3375 341 0.000489 ± 45 0.06592 ± 44 0.04682 ± 44 0.09095 0.78 561 
87Aug11 3629 376 0.000424 ± 45 0.06495 ± 44 0.04503 ± 44 0.09394 0.68 579 
87 Aug 11 3670 379 0.000574 ± 49 0.06671±44 0.04863 ± 44 0.09569 0.92 589 
87 Aug 11 3456 356 0.000724 ± 56 0.06769 ± 47 0.05127 ± 48 0.09090 1.16 561 
87 Aug 11 3363 341 0.000685 ± 54 0.06789 ± 46 0.05274 ± 49 0.09250 1.10 570 
87 Aug 11 3968 412 0.000715 ± 57 0.06954 ± 48 0.05452 ± 51 0.09580 1.14 590 
87 Aug 11 3462 352 0.000462 ± 34 0.06917 ± 53 0.05837 ± 58 0.09436 0.74 581 
87 Aug 18 3574 367 0.000528 ± 42 0.06369 ± 39 0.04485 ± 38 0.09214 0.84 568 
87 Aug 18 3363 355 0.000296 ± 30 0.06255 ± 34 0.04124 ± 32 0.09112 0.47 562 
87 Aug 18 3494 368 0.000268 ± 27 0.06214 ± 34 0.04058 ± 32 0.09361 0.43 577 
87 Aug 18 3516 371 0.000390 ± 31 0.06280 ± 34 0.04312 ± 33 0.09230 0.62 569 
87 Aug 18 3607 379 0.000531 ± 38 0.06306 ± 35 0.04316 ± 34 0.09415 0.85 580 
87 Aug 18 3849 413 0.000487 ± 37 0.06330 ± 35 0.04527 ± 35 0.09396 0.78 579 
87 Aug 18 3450 357 0.000421 ± 32 0.06390 ± 34 0.04354 ± 33 0.09325 0.67 575 
87 Aug 20 3582 383 0.000312 ± 36 0.06179 ± 40 0.03921±38 0.09055 0.50 559 
87 Aug 20 3550 376 0.000326 ± 34 0.06210 ± 39 0.03940 ± 37 0.09101 0.52 562 
87 Aug 20 3447 363 0.000269 ± 32 0.06190 ± 39 0.04135 ± 37 0.09029 0.43 557 
87 Aug 20 2885 306 0.000099 ± 15 0.06112 ± 27 0.03732 ± 25 0.09690 0.16 596 
87 Aug 20 3580 379 0.000071 ± 13 0.06067 ± 29 0.03696 ± 27 0.09411 0.11 580 
87 Aug 20 3715 389 0.000155 ± 19 0.05977 ± 29 0.03734 ± 27 0.09340 0.25 576 
87 Aug 20 3781 399 0.000127 ± 17 0.06033 ± 30 0.03761±28 0.09470 0.20 583 
87 Aug 20 3329 344 0.000376 ± 26 0.06353 ± 29 0.03848 ± 27 0.08962 0.60 553 
87 Aug20 3443 361 0.000151±17 0.06141±29 0.03644 ± 26 0.09372 0.24 578 
87 Aug 20 3463 348 0.000182 ± 19 0.06087 ± 29 0.03634 ± 26 0.09389 0.29 579 
87 Aug 20 3808 325 0.000123 ± 14 0.06013 ± 26 0.02945 ± 21 0.09516 0.20 586 
87 Aug 20 3723 410 0.000084 ± 13 0.05944 ± 27 0.03687 ± 25 0.09262 0.14 571 
87 Aug 22 3429 360 0.000209 ± 23 0.06106 ± 32 0.03811 ± 30 0.09330 0.33 575 
87 Aug 22 3385 355 0.000143 ± 20 0.06099 ± 35 0.03843 ± 33 0.09034 0.23 558 
87 Aug22 3650 389 0.000179 ± 22 0.06085 ± 32 0.03856 ± 30 0.09377 0.29 578 
87 Aug 22 3719 396 0.000197 ± 21 0.06077 ± 32 0.03890 ± 30 0.09409 0.32 580 
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(table A.I continued) 
Date of __ ppm ragiQg~niQ % Pb/U 
analysis u Th 204pbf206pb 207pbf206pb 208pbf206pb206pbf238u comm. age 
87 Aug 29 3647 324 0.000734 ± 54 0.06253 ± 40 0.03306 ± 35 0.09200 1.18 567 
87 Aug29 3741 337 0.000336 ± 37 0.06154 ± 40 0.03238 ± 34 0.09235 0.54 569 
87 Aug 29 3746 343 0.000199 ± 29 0.06114 ± 39 0.03217 ± 33 0.09401 0.32 579 
87 Aug29 3687 335 0.000293 ± 32 0.06104 ± 39 0.03326 ± 34 0.09456 0.47 582 
87 Aug 29 3557 325 0.000294 ± 38 0.06071±43 0.03281 ± 37 0.09383 0.47 578 
87 Aug29 3287 300 0.000276 ± 39 0.06140 ± 44 0.03215 ± 38 0.09211 0.44 568 
87 Aug 29 3241 297 0.000222 ± 32 0.06062 ± 45 0.03319 ± 39 0.09107 0.35 562 
87 Aug 30 3174 322 0.000594 ± 69 0.06446 ± 61 0.04025 ± 57 0.09082 0.95 560 
87 Aug 30 3504 367 0.000343 ± 54 0.06215 ± 60 0.03852 ± 55 0.09400 0.55 579 
87 Aug 30 3669 387 0.000270 ± 54 0.06122 ± 60 0.03820 ± 56 0.09525 0.43 587 
87 Aug 30 3467 364 0.000312 ± 54 0.06204 ± 60 0.03871 ± 56 0.09360 0.50 577 
87 Aug 30 3011 316 0.000281 ± 49 0.06004 ± 60 0.03934 ± 57 0.08945 0.45 552 
87 Aug 30 3589 379 0.000249 ± 48 0.06068 ± 59 0.03984 ± 57 0.09166 0.40 565 
87 Aug 30 3534 375 0.000244 ± 48 0.06186 ± 60 0.03749 ± 55 0.09318 0.38 574 
87 Aug 30 3742 400 0.000293 ± 48 0.06105 ± 60 0.03736 ± 56 0.09164 0.47 565 
87 Aug30 3752 396 0.000214 ± 41 0.06025 ± 60 0.03802 ± 56 0.09307 0.34 574 
87 Aug 30 3900 419 0.000258 ± 48 0.06182 ± 60 0.03697 ± 55 0.09299 0.41 573 
87 Aug 30 3905 419 0.000280 ± 46 0.06186 ± 59 0.03872 ± 55 0.09774 0.45 601 
87 Sep 06 3440 315 0.000325 ± 34 0.06104 ± 37 0.03247 ± 32 0.09135 0.52 564 
87 Sep 06 3398 313 0.000182 ± 24 0.05984 ± 36 0.03184 ± 31 0.09247 0.29 570 
87 Sep 06 3425 317 0.000217 ± 28 0.05961±36 0.03198 ± 31 0.09306 0.35 574 
87 Sep 06 3959 371 0.000155 ± 23 0.06032 ± 37 0.03143 ± 32 0.09572 0.25 589 
87 Sep 06 3699 348 0.000182 ± 24 0.05950 ± 37 0.03129 ± 31 0.09570 0.29 589 
87 Sep 06 3430 319 0.000104 ± 19 0.05900 ± 33 0.03104 ± 28 0.08965 0.17 553 
87 Sep 14 3581 328 0.000238 ± 30 0.06083 ± 42 0.03235 ± 36 0.09510 0.38 586 
87 Sep 14 3460 318 0.000212 ± 30 0.06074 ± 41 0.03347 ± 36 0.09224 0.34 569 
87 Sep 14 3465 319 0.000342 ± 38 0.06048 ± 41 0.03206 ± 35 0.09240 0.55 570 
87 Sep 14 3498 325 0.000252 ± 31 0.06088 ± 41 0.03247 ± 35 0.09289 0.40 573 
87 Sep 14 3617 335 0.000408 ± 39 0.06139 ± 42 0.03372 ± 36 0.09079 0.65 560 
87 Sep 14 3699 345 0.000343 ± 37 0.06061±42 0.03206 ± 36 0.09303 0.55 573 
87 Sep 14 3484 322 0.000216 ± 29 0.05855 ± 40 0.03189 ± 35 0.09356 0.35 577 
87 Sep 21 4026 460 0.000092 ± 33 0.05958 ± 51 0.03879 ± 48 0.09466 0.15 583 
87 Sep 21 3276 367 0.000103 ± 24 0.05964 ± 49 0.03703 ±46 0.09226 0.16 569 
87 Sep 21 3766 429 0.000236 ± 38 0.06171±50 0.04104 ± 48 0.09426 0.38 581 
87 Sep 21 3768 366 0.000098 ± 25 0.06076 ± 52 0.03281±45 0.09239 0.16 570 
87 Sep 21 3424 317 0.000051 ± 23 0.05978 ± 50 0.03131±43 0.09306 0.08 574 
87 Sep 21 3458 389 0.000122 ± 27 0.06005 ± 50 0.03733 ± 47 0.09221 0.20 569 
87 Sep 21 3409 378 0.000126 ± 34 0.05960 ± 51 0.03671±47 0.09309 0.20 574 
87 Sep 21 3460 379 0.000147 ± 41 0.05959 ± 51 0.03829 ± 48 0.09128 0.24 563 
87 Sep 21 3456 361 0.000211 ± 40 0.06058 ± 52 0.03515 ± 47 0.09372 0.34 578 
87 Sep 21 3543 396 0.000302 ± 49 0.05977 ± 51 0.03742 ± 48 0.09448 0.48 582 
87 Sep 21 3661 409 0.000364 ± 50 0.06011±55 0.03808 ± 51 0.09441 0.58 582 
87 Sep 22 3537 336 0.000327 ± 33 0.06125 ± 37 0.03390 ± 32 0.09137 0.52 564 
87 Sep 22 3547 339 0.000329 ± 31 0.06075 ± 34 0.03271±30 0.09323 0.53 575 
87 Sep 22 3437 329 0.000348 ± 30 0.06080 ± 34 0.03372 ± 30 0.09176 0.56 566 
87 Sep 22 3506 340 0.000318 ± 32 0.06141±36 0.03485 ± 32 0.09116 0.51 562 
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(table A.I continued) 
Date of __ ppm radiQg~nic % Pb/U 
analysis u Th 204pbf206pb 207pbf206pb 208pbf206pb206pbf238u comm. age 
87 Sep 22 3394 327 0.000305 ± 34 0.06085 ± 39 0.03397 ± 34 0.09519 0.49 586 
87 Sep 22 3480 332 0.000342 ± 33 0.06158 ± 37 0.03398 ± 32 0.09318 0.55 574 
87 Sep 22 3471 328 0.000312 ± 34 0.06164 ± 40 0.03511 ± 36 0.09152 0.50 565 
87 Sep 22 3863 457 0.000298 ± 33 0.06023 ± 37 0.04091±36 0.09378 0.48 578 
87 Sep 22 3686 363 0.000424 ± 42 0.06164 ± 42 0.03545 ± 37 0.09578 0.68 590 
87 Oct 21 3298 292 0.000177 ± 22 0.06109 ± 29 0.03158 ± 25 0.08963 0.28 553 
87 Oct 21 3485 315 0.000110 ± 16 0.05996 ± 30 0.03201±26 0.09357 0.18 577 
87 Oct 21 3461 315 0.000105 ± 20 0.05939 ± 30 0.03183 ± 26 0.09198 0.17 567 
87 Oct 21 3763 348 0.000071 ± 14 0.06061±27 0.03074 ± 23 0.09616 0.11 592 
87 Oct 21 3630 336 0.000054 ± 15 0.06008 ± 27 0.03073 ± 22 0.09306 0.09 574 
87 Oct 21 3659 340 0.000032 ± 14 0.06037 ± 27 0.03017 ± 22 0.09340 0.05 576 
88 Jan 23 3624 354 0.000042 ± 10 0.06039 ± 32 0.03352 ± 28 0.09440 0.07 582 
88 Jan 23 3508 343 0.000046 ± 10 0.06010 ± 32 0.03276 ± 28 0.09331 0.07 575 
88 Jan 23 3573 352 0.000034 ± 11 0.06042 ± 34 0.03329 ± 30 0.09133 0.06 563 
88 Jan 23 3603 351 0.000065 ± 16 0.05947 ± 38 0.03361±33 0.09109 0.10 562 
88 Jan 23 3560 346 0.000069 ± 14 0.05967 ± 31 0.03330 ± 28 0.09513 0.11 586 
88 Jan 23 3527 345 0.000048 ± 11 0.05972 ± 32 0.03324 ± 28 0.09202 0.08 567 
88 Jan 23 3399 327 0.000058 ± 11 0.06051±32 0.03298 ± 28 0.09251 0.09 570 
88 Jan 24 3378 292 0.000073 ± 14 0.05975 ± 33 0.03022 ± 27 0.09055 0.12 559 
88 Jan 24 3514 359 0.000083 ± 12 0.06009 ± 31 0.03567 ± 28 0.09272 0.13 572 
88 Jan 24 3518 308 0.000070 ± 14 0.05987 ± 32 0.03064 ± 27 0.09209 0.11 568 
88 Jan 24 3471 308 0.000062 ± 13 0.05986 ± 34 0.03057 ± 29 0.09295 0.10 573 
88 Jan 24 3383 297 0.000051 ± 12 0.05966 ± 32 0.03105 ± 27 0.09297 0.08 573 
88 Jan 24 3533 311 0.000061 ± 13 0.05932 ± 33 0.03087 ± 28 0.09333 0.10 575 
88Jan 24 3631 322 0.000060 ± 13 0.06019 ± 36 0.03077 ± 30 0.09265 0.10 571 
88 Jan 24 3716 331 0.000061 ± 13 0.05950 ± 32 0.03099 ± 27 0.09253 0.10 570 
88 Jan 24 3650 326 0.000094 ± 16 0.06033 ± 34 0.03189 ± 29 0.09418 0.15 580 
88 Jan 24 3646 322 0.000111±18 0.06058 ± 36 0.03063 ± 30 0.09437 0.18 581 
88Jan 28 3581 325 0.000053 ± 10 0.05936 ± 27 0.02947 ± 22 0.09409 0.08 580 
88 Jan 28 3344 304 0.000074 ± 12 0.05965 ± 28 0.03062 ± 24 0.09374 0.12 578 
88 Jan 28 3592 329 0.000085 ± 14 0.05962 ± 30 0.03072 ± 25 0.09384 0.14 578 
88 Jan 28 3484 318 0.000021 ± 10 0.06017 ± 28 0.02974 ± 23 0.09190 0.03 567 
88 Jan 28 3499 321 0.000063 ± 9 0.05961±25 0.03003 ± 21 0.09478 0.10 584 
88 Jan 28 3646 372 0.000059 ± 13 0.05965 ± 29 0.03409 ± 26 0.09100 0.09 561 
88 Jan 28 3463 314 0.000076 ± 13 0.05965 ± 31 0.03031±26 0.09082 0.12 500 
88 Jan 28 3515 319 0.000053 ± 13 0.05853 ± 30 0.03041±26 0.09058 0.08 559 
88 Jan 28 3781 373 0.000152 ± 18 0.06076 ± 31 0.03618 ± 28 0.09492 0.24 585 
88 Feb 01 3635 370 0.000082 ± 11 0.06026 ± 28 0.03465 ± 25 0.09197 0.13 567 
88 Feb 01 3293 277 0.000088 ± 15 0.06008 ± 30 0.02866 ± 24 0.09323 0.14 575 
88 Feb 01 3840 321 0.000116 ± 17 0.06030 ± 27 0.02881±22 0.09200 0.19 567 
88 Feb 01 3297 304 0.000171 ± 19 0.06033 ± 31 0.03203 ± 26 0.09458 0.27 583 
88 Feb 01 3248 280 0.000110 ± 14 0.06062 ± 28 0.03068 ± 24 0.09349 0.18 576 
88 Feb 01 3641 374 0.000080 ± 12 0.05966 ± 27 0.03377 ± 24 0.09397 0.13 579 
88 Feb 01 3746 396 0.000065 ± 10 0.05967 ± 29 0.03566 ± 27 0.09075 0.10 560 
88 Feb 01 3651 397 0.000084 ± 14 0.05994 ± 29 0.03652 ± 27 0.09250 0.13 570 
88 Feb 01 3646 381 0.000083 ± 14 0.05937 ± 29 0.03478 ± 26 0.09307 0.13 574 
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(table A.I continued) 
Date of __ ppm radiggi.:ni~ % Pb/U 
analysis u Th 204pb/206pb 207pb/206pb 208pbf206pb206pbf238u comm. age 
88 Feb 13 4074 432 0.000136 ± 18 0.06019 ± 31 0.03692 ± 29 0.09408 0.22 580 
88 Feb 13 3230 335 0.000120 ± 19 0.06018 ± 32 0.03582 ± 30 0.09325 0.19 575 
88 Feb 13 3979 331 0.000134 ± 16 0.06042 ± 29 0.02907 ± 24 0.09214 0.21 568 
88 Feb 13 3437 342 0.000074 ± 13 0.06057 ± 31 0.03418 ± 28 0.09168 0.12 565 
88 Feb 13 3749 360 0.000078 ± 12 0.05967 ± 28 0.03337 ± 25 0.09369 0.12 577 
88 Feb 13 3397 350 0.000123 ± 16 0.06087 ± 31 0.03594 ± 28 0.09358 0.20 577 
88 Feb 14 3891 329 0.000100 ± 16 0.05998 ± 33 0.02894 ± 27 0.09027 0.16 557 
88 Feb 14 3487 349 0.000116 ± 17 0.05959 ± 34 0.03385 ± 30 0.09113 0.19 562 
88 Feb 14 3374 307 0.000105 ± 16 0.05948 ± 32 0.03097 ± 27 0.09228 0.17 569 
88 Feb 14 3633 366 0.000075 ± 11 0.06010 ± 32 0.03513 ± 29 0.09439 0.12 581 
88 Feb 14 3256 296 0.000097 ± 15 0.05899 ± 32 0.03099 ± 27 0.09430 0.16 581 
88 Feb 14 3619 335 0.000029 ± 8 0.05853 ± 33 0.03096 ± 28 0.09516 0.05 586 
88Feb14 4092 362 0.000052 ± 10 0.05922 ± 29 0.02867 ± 24 0.09372 0.08 578 
88 Feb 14 3176 285 0.000053 ± 12 0.05898 ± 32 0.02996 ± 27 0.09187 0.08 567 
88 Mar07 3279 296 0.000209 ± 20 0.06106 ± 20 0.03353 ± 25 0.09142 0.33 564 
88 Mar07 3439 361 0.000132 ± 17 0.06059 ± 20 0.03680 ± 27 0.09392 0.21 579 
88 Mar07 3463 397 0.000195 ± 20 0.06117 ± 21 0.04227 ± 29 0.09167 0.31 565 
88 Mar07 4071 346 0.000262 ± 25 0.06212 ± 22 0.03386 ± 27 0.09447 0.42 582 
88 Mar07 3599 333 0.000199 ± 20 0.06210 ± 20 0.03693 ± 26 0.09181 0.32 566 
88 Mar07 3469 312 0.000292 ± 24 0.06195 ± 21 0.03523 ± 27 0.09208 0.47 568 
88 Mar07 3561 311 0.000224 ± 20 0.06271±22 0.03544 ± 28 0.09461 0.36 583 
88Mar15 4098 486 0.000257 ± 25 0.06151±23 0.04337 ± 33 0.09376 0.41 578 
88 Mar 15 3852 343 0.000232 ± 23 0.06270 ± 22 0.03389 ± 27 0.09450 0.37 582 
88Mar15 3223 319 0.000278 ± 31 0.06202 ± 29 0.03937 ± 38 0.09023 0.44 557 
88Mar15 3368 329 0.000337 ± 34 0.06402 ± 28 0.04207 ± 38 0.09243 0.54 570 
88Mar15 3585 411 0.000148 ± 19 0.06088 ± 22 0.04101±30 0.09094 0.24 561 
88Mar15 3280 333 0.000209 ± 20 0.06139 ± 20 0.03817 ± 26 0.09531 0.33 587 
88Mar15 3442 375 0.000176 ± 20 0.06112 ± 20 0.04105 ± 27 0.10019 0.28 616 
88 Apr07 3923 314 0.000150 ± 19 0.06088 ± 23 0.02987 ± 27 0.09276 0.24 572 
88 Apr07 3382 295 0.000110 ± 17 0.06070 ± 25 0.03122 ± 30 0.09493 0.18 585 
88 Apr07 3699 394 0.000069 ± 19 0.06042 ± 26 0.03688 ± 34 0.09287 0.11 572 
88 Apr07 3509 349 0.000105 ± 18 0.05996 ± 27 0.03478 ± 34 0.09302 0.17 573 
88 Apr07 3282 282 0.000054 ± 17 0.06082 ± 31 0.03051±36 0.09104 0.09 562 
88 Apr08 3621 391 0.000014 ± 5 0.05923 ± 20 0.03528 ± 25 0.09055 0.02 559 
88 Apr08 3462 361 0.000018 ± 6 0.05893 ± 19 0.03406 ± 24 0.09512 0.03 586 
88 May02 3764 351 0.000164 ± 20 0.06190 ± 21 0.03474 ± 27 0.09307 0.26 574 
88 May02 3612 325 0.000178 ± 21 0.06157 ± 22 0.03477 ± 28 0.09306 0.28 574 
88 May02 3541 321 0.000163 ± 20 0.06161±24 0.03422 ± 29 0.09072 0.26 560 
88 May 02 3284 283 0.000257 ± 28 0.06261±25 0.03536 ± 32 0.09450 0.41 582 
88 May 09 3559 336 0.000313 ± 30 0.06171 ± 34 0.06568 ± 42 0.09059 0.50 559 
88 May09 3449 328 0.000141 ± 17 0.06175 ± 20 0.03450 ± 25 0.09096 0.22 561 
88 May 09 3496 370 0.000159 ± 16 0.06102 ± 19 0.03808 ± 25 0.09438 0.26 581 
88 May09 4275 367 0.000161 ± 15 0.06109 ± 18 0.03160 ± 21 0.09743 0.26 599 
88 May09 3751 350 0.000183 ± 16 0.06123 ± 20 0.03405 ± 25 0.09435 0.29 581 
88 May09 3271 331 0.000155 ± 16 0.06156 ± 21 0.03800 ± 28 0.09021 0.25 557 
88 Jun 14 4006 358 0.000092 ± 12 0.06020 ± 18 0.03087 ± 22 0.09344 0.15 576 
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(table A.I continued) 
Date of __ ppm radiogenic % Pb/U 
analysis u Th 204pbf206pb 207pb/206pb 208pbf206pb206pb/238u comm. age 
88 Jun 14 3095 263 0.000119 ± 16 0.06110 ± 22 0.03069 ± 26 0.09467 0.19 583 
88 Jun 14 3110 275 0.000105 ± 17 0.06064 ± 24 0.03199 ± 29 0.09949 0.17 611 
88 Jun 14 3617 165 0.000068 ± 11 0.06030 ± 21 0.03135 ± 25 0.09058 0.11 559 
88 Jun 14 3624 392 0.000088 ± 11 0.06059 ± 19 0.03770 ± 25 0.09197 0.14 567 
88 Jun 14 3545 361 0.000108 ± 16 0.05987 ± 22 0.03520 ± 28 0.09605 0.17 591 
88 Jun 14 3633 341 0.000167 ± 16 0.06173 ± 20 0.03571±26 0.09227 0.27 569 
88 Jun 14 3465 318 0.000093 ± 14 0.06052 ± 20 0.03329 ± 24 0.09385 0.15 578 
88 Jun 14 3619 389 0.000139 ± 18 0.06096 ± 22 0.03844 ± 9 0.08964 0.22 553 
88 Jun 14 3632 376 0.000104 ± 14 0.06074 ± 19 0.03769 ± 25 0.09303 0.17 573 
88 Jun 14 3380 353 0.000106 ± 11 0.06057 ± 18 0.03689 ± 24 0.09569 0.17 589 
88 Jun 26 3234 299 0.000097 ± 14 0.06117 ± 20 0.03387 ± 25 0.10069 0.16 618 
88 Jun 26 3766 410 0.000089 ± 14 0.06020 ± 20 0.03820 ± 27 0.09418 0.14 580 
88 Jun 26 3404 310 0.000069 ± 13 0.06008 ± 20 0.03158 ± 25 0.09397 0.11 579 
88 Jun 26 3678 381 0.000190 ± 19 0.06341±22 0.04167 ± 29 0.08989 0.30 555 
88 Jun 26 3499 318 0.000075 ± 15 0.05994 ± 21 0.03183 ± 25 0.09292 0.12 573 
88 Jun 26 3478 317 0.000093 ± 12 0.06055 ± 22 0.03387 ± 27 0.08917 0.15 551 
88 Jun 26 3442 320 0.000117 ± 14 0.06098 ± 19 0.03382 ± 24 0.09694 0.19 596 
88 Jul 23 3566 313 0.000078 ± 10 0.06080 ± 19 0.03062 ± 22 0.09581 0.12 590 
88 Jul 23 3928 412 0.000091 ± 13 0.06021±19 0.03544 ± 24 0.08676 0.15 536 
88 Jul 23 3970 366 0.000095 ± 13 0.05986 ± 19 0.03162 ± 23 0.08961 0.15 553 
88 Jul 23 3109 282 0.000159 ± 18 0.06011±21 0.03215 ± 26 0.10009 0.26 615 
88 Jul 23 3264 300 0.000146 ± 17 0.06123 ± 21 0.03441±27 0.09268 0.23 571 
88 Jul 23 3564 323 0.000177 ± 21 0.06120 ± 22 0.03270 ± 27 0.09315 0.28 574 
88 Jul 23 3504 373 0.000117 ± 15 0.06015 ± 20 0.03669 ± 26 0.09083 0.19 560 
88 Jul 23 3002 261 0.000150 ± 12 0.06035 ± 21 0.03196 ± 25 0.09554 0.24 588 
88 Jul 23 3731 361 0.000105 ± 14 0.06032 ± 21 0.03493 ± 26 0.09070 0.17 560 
88 Jul 23 3398 306 0.000077 ± 10 0.06057 ± 21 0.03168 ± 25 0.09329 0.12 575 
88 Jul 23 3568 340 0.000134 ± 16 0.06016 ± 21 0.03366 ± 26 0.09493 0.21 585 
88 Jul 23 4255 431 0.000113 ± 14 0.06004 ± 19 0.03491±24 0.09184 0.18 566 
89 Oct08 3204 312 0.000109 ± 32 0.06175 ± 44 0.03224 ± 53 0.09450 0.18 582 
89 Oct08 3381 328 0.000140 ± 38 0.06029 ± 46 0.03182 ± 55 0.09030 0.22 557 
89 Oct 08 3371 314 0.000105 ± 35 0.06070 ± 50 0.02994 ± 59 0.09262 0.17 571 
89 Oct08 3668 355 0.000071 ± 39 0.06049 ± 46 0.03007 ± 54 0.09251 0.11 570 
89 Oct08 4228 388 0.000104 ± 29 0.05952 ± 42 0.02988 ± 50 0.09098 0.17 561 
89 Oct08 3827 389 0.000029 ± 17 0.06039 ± 46 0.03134 ± 56 0.09673 0.05 595 
89 Oct08 3403 320 0.000037 ± 30 0.06179 ± 46 0.03128 ± 55 0.09289 0.06 573 
89 Oct08 3425 386 0.000144 ± 40 0.06024 ± 46 0.03688 ± 61 0.09406 0.23 580 
90 Jan 19 3221 312 0.000160 ± 25 0.05974 ± 28 0.03058 ± 34 0.09080 0.26 560 
90 Jan 19 3438 327 0.000064 ± 16 0.05924 ± 30 0.02962 ± 35 0.09288 0.10 573 
90 Jan 19 3499 343 0.001576 ± 75 0.07768 ± 32 0.06855 ± 51 0.09551 2.52 588 
90 Jan 19 3735 369 0.000038 ± 13 0.05984 ± 29 0.03017 ± 34 0.09723 0.06 598 
90 Jan 19 3913 361 0.000036 ± 20 0.05938 ± 31 0.02783 ± 36 0.09236 0.06 569 
90 Jan 19 3489 325 0.000032 ± 12 0.05948 ± 20 0.02857 ± 23 0.09280 0.05 572 
90 Jan 19 3325 331 0.000024 ± 9 0.05909 ± 18 0.02988 ± 22 0.09360 0.04 577 
90 Jan 19 3645 380 0.000021±6 0.05917 ± 18 0.03103 ± 21 0.09254 0.03 571 
90 Jan 19 4080 394 0.000000 ± 0 0.05865 ± 17 0.02866 ± 19 0.09451 0.00 582 
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(table A.I continued) 
Date of __ ppm r;ujiQg~ni!;; % Pb/U 
analysis u Th 204pbf206pb 207pb;206pb 208pb;206pb206pbJ238u comm. age 
90 Jan 19 3260 346 0.000000 ± 0 0.05917 ± 17 0.03201 ± 21 0.09138 0.00 564 
90 Feb 10 3229 291 0.000227 ± 28 0.06288 ± 26 0.03719 ± 33 0.09193 0.36 567 
90 Feb 10 3539 386 0.000045 ± 15 0.05933 ± 23 0.03380 ± 29 0.09124 0.07 563 
90 Feb 10 3597 336 0.000058 ± 13 0.05918 ± 24 0.02903 ± 27 0.09286 0.09 572 
90 Feb 10 4592 548 0.000009 ± 11 0.05968 ± 22 0.03729 ± 29 0.09327 0.01 575 
90 Feb 10 3970 407 0.000035 ± 15 0.05902 ± 23 0.03166 ± 28 0.09198 0.06 567 
90 Feb 10 2861 248 0.000065 ± 14 0.05936 ± 25 0.02682 ± 28 0.09427 0.10 581 
90 Feb 10 2825 253 0.000042 ± 12 0.05938 ± 24 0.02765 ± 27 0.09424 0.07 581 
90 Feb 10 4019 355 0.000009 ± 29 0.05905 ± 23 0.02723 ± 26 0.09416 0.01 580 
The measured 204pbf206pb, 207pbf206pb and 208pb;206pb ratios from 312 analyses of the SL3 zircon 
standard. The quoted precisions refer to the final digit of the respective ratios and represent l<J as based on 
counting statistics alone. The U and Th concentrations are given in ppm by weight The cited radiogenic 
206pbf238u ratios have been corrected for machine induced interelement discrimination using the day's 
calibration along with corrections for non-radiogenic Pb based on the observed 204pb content and a 
common Pb isotopic composition of 204PbJ206pb = 0.0625, 204pbf206pb = 0.9618. The radiogenic 
206pbf238u ages are given in Ma. No corrections were made for either for machine induced mass 
fractionation or for the presence of possible isobaric interferences on the 204Pb mass station. The SL3 
standard has an assigned age of 572 Ma. 
A.2 The Standard's Common Pb Composition 
As shown in table A.1, analyses of the SL3 standard generally contain a common Pb 
component. Though small, the presence of this non-radiogenic component must be 
corrected for before determining the day's U-Pb calibration. This correction is based on 
the assumption that the total common Pb contained in the analysis is derived only from a 
laboratory based surface contaminant. It is assumed (apparently based on thermal 
ionization analyses from the mid-1970's) that the composition of this environmental Pb is 
identical to that of Broken Hill ore Pb. Table A.2 gives the composition of the common 
Pb associated with the Sri Lankan standard. 
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Table A.2 
Common Pb Isotopic Composition 
204pb/206pb 207pbf206pb 208pbf206pb reference 
single zircon laboratory blank 0.05565 0.8653 2.0983 Fanning (pers. comm.) 
Broken Hill Pb ore 0.06249 0.96169 2.2283 Cooper et al. (1969) 
Broken Hill Pb ore 0.0624 7 0.96189 2.2287 Cumming & Richards (1975) 
Broken Hill Pb ore 0.06248 0.96157 2.2276 Richards (1986) 
value used in computer programs 0.06250 0.96180 2.22850 Claoue-Long (pers. comm.) 
A.3 IDT/MS Measurements of the Sri Lankan Standards 
The SL3 zircon has an assigned age of 572 Ma. This value is not based on the repeat 
analyses of grain fragments which have been determined by isotope dilution thermal 
ionization mass spectrometry (IDTIMS). These IDTIMS data scatter and fail to define a 
single mean value (table A.3 & figure A.1). This lack of a statistical group is 
attributed to an inhomogeneous composition of SL3. Occasionally the ion microprobe 
identifies small areas which appear to have different (both higher and lower) 206pbf238U 
ratios as compared to the rest of the grain fragment (see figure 1.3). The 572 Ma age is 
based on the fact that SL3 gives an identical calibration curve as the less U-rich SL13 
grain, implying that the two megacrysts have identical ages (I. Williams, pers. comm.). 
SL13 has a reproducible age of 572 Ma as based on IDTIMS analyses. 
Table A.3 
IDTIMS for Sri Lankan Zircons SL3 and SL13 
Uppm Pb* ppm (204/206)m 206*1238 207*/235 207*/206* 
SL3.1 3759 334 0.00004293 0.08993 ± 18 0.7269 ± 15 0.05863 ± 3 
SL3.2 3323 276 0.00003311 0.08923 ± 18 0.7166 ± 15 0.05825 ± 3 
SL3.3 3578 296 0.00002778 0.08894 ± 18 0.7158 ± 15 0.05837 ± 3 
SL3.4 3322 284 0.00005190 0.09164 ± 19 0.7417 ± 15 0.05870 ± 3 
SL3.5 3254 264 0.00004010 0.08705 ± 18 0.7040 ± 15 0.05866 ± 3 
SL3.6 3843 309 0.00043150 0.08355 ± 17 0.6780 ± 14 0.05885 ± 3 
(table A.3 continued ... ) 
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(table A.3 continued) 
Uppm Pb* ppm (204/206)m 206*/238 207*/235 201*1206* 
SL13.l 254 22 0.00020467 0.09268 ± 19 0.7510 ± 16 0.05877 ± 6 
SL13.2 243 21 0.00007660 0.09299 ± 19 0.7596 ± 16 0.05925 ± 3 
SL13.3 232 20 0.00005420 0.09300 ± 19 0.7600 ± 16 0.05926 ± 3 
SL13.4 233 20 0.00001920 0.09250 ± 19 0.7540 ± 16 0.05912 ± 3 
SL13.5 277 24 0.00036790 0.09260 ± 19 0.7585 ± 21 0.05941±11 
SL13.6 238 21 0.00018120 0.09238 ± 19 0.7539 ± 17 0.05919 ± 7 
SL13.7 251 22 0.00024020 0.09281 ± 19 0.7577 ± 16 0.05921 ± 3 
SL13.8 224 20 0.00026930 0.09307 ± 19 0.7586 ± 16 0.05911 ± 3 
IDTIMS data from multiple fragments of the SL3 and SL13 zircons conducted between 1981 and 1988 
(analysts: L. Black, J.J Foster and R. Page). Uncertainties are lcr and refer to the final digit of the cited 
ratios. U and radiogenic Pb concentrations in ppm by weight. The 'm' indicates measured isotopic ratio. 
Asterisks (*) indicate radiogenic Pb components, i.e. corrections have been made for the observed 
laboratory blank and Cumming and Richards (1975) common Pb composition equivalent to the apparent 
age of the given analysis. 
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Figure A.1: Concordia diagram for repeat IDTIMS analyses of the SL3 and SL13 zircons. The data 
have been corrected for both laboratory blank and common Pb (see table A.3). Error boxes are lc:r. 
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A.4 Correcting for 204Pb Overcounts 
The data collected during the first ten months of this PhD project (plus the two additional 
months of November and December 1986 when data were collected by L. Schij:?jtte) 
suffered from the unrecognized presence of overcounts on the 204pb mass station (see 
figure 1.5). This phenomenon was attributed to scattered ions produced by a set of 
pre-collector-slit deflection plates. All data measured prior to October 1987 were checked 
for the presence of such overcounts; where necessary a correction was applied. No clear 
evidence of excess counts on other mass stations was found. How much further back 
this problem existed prior to November 1986 is not known. Although most other 
SHRIMP users attributed this problem only to the period between July and October 1987, 
figure 1.5 clearly indicates that this problem also existed during earlier times. 
A significant portion of the mid-term review of this PhD project was devoted to 
developing a correction for the 204Pb overcounts. The following description of the 
treatment of this problem has been extracted directly from this mid-term thesis which was 
presented on 23 April 1988. This represents the result of approximately 2 months of my 
work from early 1988. No attempt was made to propagate the errors introduced by this 
additional step in the data processing. The general mathematical treatment for the 
correction was proposed by W. Compston. 
The 204pb Problem 
The greatest obstacle so far been encountered during this project dealt with 
the correcting of the measured data for observed overcounts on the 204pb peak. The 
frequent overestimate of the amount of 204pb in the target has been established by 
noting that the magnitude of the 204pb correction for the Sri Lankan standard zircon 
was frequently on the order of 100% higher than the 2ospb correction for the same 
analysis. Most data collected by SHRIMP prior to 19 October 1987 contained 
inaccurate 204pb determinations. A means for subtracting the excess counts had to be 
devised. To do this, it was necessary to determine the magnitude of the overcounting 
using the Sri Lankan standard and assuming that the "correct" 204pb value would give 
the same fraction of common 206Pb, f 6, as indicated by the measurement of the 208pb 
according to the following relationship: 
Appendix A: The Standards 
178 
204f 6 = 2osf6 
(204 Pb/206 Pb) measured 
where 204f 6 = ---· and 
208pb/206pb) 208pb/206pb) . . ( measure - ( rad1ogen1c 
2osf6 
Since the standard zircon is measured many times during for each analytical session, 
there were three possible variations of how to apply the actual correction: 
A) plot 204pbtrue as determined by the 208pb correction against the 
204pbobserved using the formulae: 
204pbtrue = 208fs (206Pb)observed (204Pb/206pb)572Ma 
204Pbobserved = (204Pb)measured - (Zero)measured· 
Forming a simple regression line through the data points should give a slope of 
approximately one and a ordinate intercept equivalent to background overcounts on the 
204Pb. 
B) determine the overcounts for each standard and then average the number 
of overcounts per scan over the entire day. This would assume that the background 
overcounts for any one session with SHRIMP would be a constant. 
C) determine the overcounts for each standard and then to average the number 
of overcounts per scan between two sequential standards and then apply this average 
value to the unknowns which were bracketed between any two particular standards. 
In order to determine which of these three approaches was best, all three methods were 
applied to the data collected on a population of concordant zircons. Data from this 
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sample (sample mount 2506, a post-tectonic granite from the Yilgarn Craton) were 
collected during two sessions with the ion micro probe -- one with the 204 Pb 
overcount problem present and one free from the problem. Data from both sessions 
were plotted in 204pb/206pb vs. 207Pb/206pb space and the results from each of the 
three methods were subjectively compared {see figure A.2). This showed that the 
third technique caused the data affected by the 204pb problem to be corrected back to 
most closely overlap the values determined when the 204pb problem was not present. 
This method of correcting the overestimates of the 204pb concentrations has 
now been applied to data which were collected over some 25 days of data acquisition 
conducted over a period of ten months. It should be pointed out here, though, that a 
couple of potential problems exist with this correction. First, it must be assumed that 
the problem varied smoothly with time, and that averaging the overcounts of two 
standards gave a valid estimate for the amount of background of each of the unknowns 
measured between the two standards. Second, to use this technique, one must assume 
that the data collected on all Pb peaks other than 204pb are free of significant 
background interferences. Third, it must be assumed that both the standard zircon and 
the unknowns were similarly affected by the 204pb problem. 
The source of the unwanted background at mass 204 was never determined. 
Tests showed that the background was present only over a small mass range, thus 
implying that it had been subjected to mass separation in the magnetic field. The 
position of the background peak could be shifted in its apparent mass by changing the 
potential on the pre-collector-slit horizontal steering plates. This means that the 
unknown species responsible for the background could not have been isobaric with 
204 Pb. The final solution to the problem was that the geometry of the pre-collector 
slit steering plates was slightly changed {rotation of the collector housing box) and the 
electron multiplier was replaced. These actions caused the background mass to vanish, 
such that data collected since 20 October 1987 have been apparently free of this 
problem. 
Figure A.2 (overleaf): 207pbf206pb vs. 204pbf206pb plot for sample 87-305. Data collected on 1 
August 1987 were subjected to an overestimate of the 204pb concentration. Data collected on 21 October 
1987 were free of this problem as based on data collected on the Sri Lankan standard. The four plots 
represent (A) uncorrected, (B) correction based on the regression line method, (C) correction based on 
averaging the estimated overcounts for all of the standards as a group and (D) correction based on 
bracketing the unknowns between two standards. 
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A.5 K-Feldspar Standards 
As a part of the analysis of feldspars the Broken Hill K-feldspar standard was 
measured a total of 45 times by ion microprobe. These results are given in table A.4. 
Table A.4 
Measured Pb Isotopic Ratios of Broken Hill K-Spar 
Date plug 204/206 ratio 207/206 ratio 208/206 ratio ppm 
89May16 1 0.06110 ± 126 2.1 0.9672 ± 74 1.2 2.1915 ± 116 1.0 530 
89May16 1 0.06363 ± 47 4.9 0.9635 ± 19 2.1 2.2251±50 2.7 18776 
89May16 1 0.06270 ± 40 2.6 0.9506 ± 72 4.8 2.2278 ± 201 6.7 15897 
90 Feb 06 1 0.06259 ± 8 2.1 0.9593 ± 11 4.7 2.2203 ± 44 14.8 19721 
90 Feb 06 1 0.06282 ± 5 0.7 0.9604 ± 7 2.2 2.2273 ± 20 3.2 15930 
90 Feb 06 1 0.06251±7 2.1 0.9627 ± 5 0.6 2.2268 ± 11 0.7 16182 
90 Feb 06 1 0.06250 ± 8 2.7 0.9612 ± 12 6.8 2.2285 ± 52 24.3 17520 
90 Mar 01 l 0.06260 ± 26 31.5 0.9626 ± 24 25.0 2.2153 ± 84 18.6 20156 
90 MarOl 1 0.06278 ± 11 3.9 0.9584 ± 15 7.2 2.2148 ± 79 14.8 13483 
90Mar01 1 0.06260 ± 8 3.0 0.9577 ± 13 8.1 2.2174 ± 38 8.8 18366 
90 Mar03 1 0.06303 ± 23 4.0 0.9615 ± 23 3.9 2.2200 ± 56 5.0 3788 
90 Mar03 1 0.06279 ± 8 2.2 0.9579 ± 9 3.1 2.2095 ± 20 3.8 16600 
90 Mar03 1 0.06288 ± 5 1.1 0.9600 ± 8 2.9 2.2170 ± 21 4.5 18072 
90Mar03 1 0.06329 ± 17 2.4 0.9607 ± 10 0.8 2.2164 ± 48 4.4 * 
90Mar03 1 0.06336 ± 28 1.7 0.9568 ± 27 1.7 2.2075 ± 51 1.2 * 
90Mar03 1 0.06328 ± 35 3.5 0.9659 ± 34 3.5 2.2256 ± 41 0.5 * 
90Mar 11 1 0.06266 ± 3 1.1 0.9608 ± 4 1.5 2.2177 ± 12 3.2 19499 
90Mar 11 1 0.06261±3 0.3 0.9603 ± 3 0.6 2.2187 ± 10 2.5 19067 
90Mar11 1 0.06265 ± 3 0.8 0.9599 ± 5 1.9 2.2157 ± 8 1.0 13451 
90May04 1 0.06361±9 1.1 0.9642 ± 06 1.5 2.2225 ± 21 2.6 16172 
90May04 1 0.06434 ± 10 1.4 0.9612 ± 12 3.1 2.2253 ± 34 4.8 20168 
90May04 1 0.06367 ± 8 1.1 0.9623 ± 9 2.4 2.2238 ± 24 3.1 16868 
90May04 1 0.06394 ± 8 1.1 0.9644 ± 9 2.2 2.2315 ± 23 2.8 16143 
90May05 2 0.06341±9 0.5 0.9650 ± 6 1.3 2.2270 ± 15 1.6 22290 
90May05 2 0.06360 ± 8 0.7 0.9640 ± 4 0.8 2.2287 ± 11 1.2 24527 
90May05 2 0.06401±11 1.2 0.9615 ± 5 0.9 2.2304 ± 28 3.0 22002 
90May05 2 0.06409 ± 10 1.0 0.9640 ± 6 1.2 2.2178 ± 27 2.8 19314 
90May05 2 0.06424 ± 10 0.9 0.9622 ± 10 2.0 2.2158 ± 20 2.0 17868 
90May05 2 0.06469 ± 17 1.5 0.9621±10 1.6 2.2094 ± 40 3.5 13334 
90 May05 2 0.06509 ± 10 0.8 0.9611±8 1.5 2.2069 ± 27 2.8 18127 
90 May05 2 0.06474 ± 12 0.9 0.9587 ± 8 1.3 2.1954 ± 23 1.8 12045 
90May05 2 0.06494 ± 13 1.1 0.9588 ± 13 2.2 2.2038 ± 57 4.9 14623 
90May05 2 0.06491±12 0.9 0.9596 ± 12 1.9 2.1980 ± 43 3.5 13546 
90May05 2 0.06477 ± 23 1.7 0.9555 ± 17 2.5 2.1884 ± 60 4.4 13278 
90May21 2 0.06197 ± 6 1.2 0.9620 ± 9 3.2 2.2398 ± 25 4.6 20392 
90May21 1 0.06209 ± 29 4.0 0.9567 ± 20 5.0 2.2282 ± 62 8.1 ·9369 
(table A.4 continued ... ) 
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(table A.4 continued) 
Date plug 204/206 ratio 207/206 ratio 208/206 ratio ppm 
90May21 2 0.06203 ± 7 1.4 0.9608 ± 9 3.1 2.2327 ± 30 5.5 19146 
90May21 2 0.06233 ± 7 1.1 0.9605 ± 6 1.8 2.2318 ± 28 4.5 20032 
90May21 2 0.06210 ± 6 1.3 0.9589 ± 7 2.7 2.2444 ± 14 2.8 19448 
90May 21 1 0.06239 ± 9 1.7 0.9588 ± 11 3.9 2.2451 ± 37 6.5 15811 
90May21 2 0.06239 ± 10 0.7 0.9612 ± 8 1.6 2.2346 ± 15 1.5 17154 
90 Jun 05 2 0.06221±8 0.5 0.9643 ± 4 1.1 2.2390 ± 34 4.2 17880 
90 Jun 05 2 0.06222 ± 7 0.8 0.9642 ± 5 1.2 2.2349 ± 10 1.4 16998 
90Jun 05 2 0.06243 ± 75 9.3 0.9718 ± 78 17.9 2.3055 ± 464 53.5 17914 
90 Jun 05 2 0.06200 ± 8 0.8 0.9642 ± 4 1.1 2.2367 ± 15 2.1 16874 
MEAN 0.06282 ± 10 0.9175 ± 30 2.2242 ± 16 
The measured 204pbf206pb, 207pb;206pb and 208pb;206pb ratios from 45 analyses of the Broken Hill 
K-feldspar standard. The quoted precisions refer to the final digit of the respective measured ratio and 
represent lcr of the observed scatter between the repeat scans of the mass spectrum, but limited to not 
better than counting statistics based theoretical errors. The three 'ratio' columns give the ratio of the 
observed to the counting statistics based errors for the preceding quoted value's uncertainty. Plug refers 
to which of the two available standard grains (both from the same small sample provided by BHP Pty. 
Ltd.) was used for the given measurement. The final column gives the total Pb02 concentration in ppm 
by weight based on the averaging of the day's values and assuming a true concentration of 17 ,500 ppm 
(2.0% Pb02) as based on electron microprobe determinations. '*' indicates low values were obtained, 
reflecting technical problems possibly related poor electrical conductivity on the standard's surface at the 
time of analysis. The measured values have not been corrected for the presence of machine induced mass 
fractionation. The assumed isotopic ratios of the standard are equivalent to Broken Hill, New South Wales 
ore Pb with values of 204pb;206pb = 0.0625, 207Pb/206pb = 0.9619 and 208pb;206pb = 2.2287 
(Cumming and Richards, 1975). The mean values given in the final line of the table are the weighted 
mean of all 45 analyses (no outliers excluded) and their observed scatter (the external precision). 
As part of the feldspar work, it was necessary to determine the Pb02 content of the two 
sample plugs, as this had not been done previously. Six electron microprobe analyses 
were conducted on random regions on each of the plugs (these analyses were kindly 
provided by N. Ware), the results of which are given in table A.5. 
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Table A.5 
Electron Micro probe Data from Broken Hill K-Spars 
Plug Si02 Al203 FeO Pb02 Cao Na20 K20 Total 
1 63.30 19.24 0.01 1.91 0.01 1.38 13.71 99.55 
1 63.00 19.27 0.01 1.93 0.01 1.60 13.62 99.43 
1 63.37 19.26 0.02 1.99 0.01 1.36 13.74 99.76 
1 63.16 19.28 0.01 2.02 0.01 1.21 13.68 99.35 
1 63.39 19.33 0.01 2.03 0.01 1.39 13.62 99.76 
1 63.28 19.22 0.01 1.99 0.01 1.25 13.74 99.50 
2 62.32 19.36 0.01 2.10 0.05 1.18 14.55 99.56 
2 62.11 19.50 0.01 2.18 0.14 0.97 14.93 99.83 
2 62.26 19.47 0.01 2.23 0.03 1.23 14.58 99.81 
2 62.31 19.38 0.01 2.17 0.06 0.94 15.02 99.87 
2 62.36 19.27 0.01 2.10 0.01 1.09 14.85 99.69 
2 62.47 19.18 0.01 2.44 0.01 1.16 14.63 99.90 
Wavelength dispersive electron microprobe chemical analyses of the Broken Hill K-spar standards. These 
wave length dispersive analyses were conducted on 5 x 5 µm areas using beam rastering with a 25 kV, 40 
nAmp primary beam current. Values of 0.01 indicate that the concentrations of the given element were at 
or below the Cameca Camebax electron microprobe's detection limit. Pb concentrations were calibrated 
against a Pb sulfide standard. 
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APPENDIX B: 
BACKGROUND TO U/Pb DATING 
The following appendix is derived from parts of the first two chapters of the 1990 version 
of this thesis. This background material has been relegated to an appendix on the 
recommendation of various reviewers. 
B.1 Zircon U-Th-Pb Geochronology 
Zircon (ZrSi04) is a useful mineral for the application of the U-Pb dating method 
because it excels in three characteristics: 
A. When zircon crystallizes from a magma or is grown in situ under metamorphic or 
hydrothermal conditions it contains very high U/Pb and Th/Pb ratios. This is 
due to Pb having a significantly different primary valence and ionic radius (+2, 
l.32A) than the Zr (+4, 0.87A) contained in the zircon lattice. Both U (+4, 
1.05A) and Th ( +4, 1. lOA) are capable of limited substitutions for zirconium 
within this lattice structure 
B. Zircon is a common trace mineral. It is present in most intermediate and silica rich 
crystalline rocks in sufficient abundance to allow easy extraction 
C. Zircon is highly resistant to interaction with its environment. The diffusion rates 
for both U and Pb are low over a broad range of metamorphic and magmatic 
conditions. In order for zircon to dissolve, high grade conditions in a zircon 
undersaturated environment must exist, conditions which are often not obtained. 
Zircon is also capable of undergoing sedimentary transport as detrital material 
while still retaining part or all of its original age signature. 
Because zircon often remains a closed system under high grade and even magmatic 
conditions, a rock may contain zircon grains and individual growth zones produced 
during more than one period. When zircon populations with multiple age components 
coexist, bulk analyses will produce erroneous results due to a mixing of the various 
components. When such age heterogeneities are present in individual grains then even 
single grain analyses are susceptible to such mixing problems. Techniques for 
overcoming this problem through careful hand picking or by using regression methods to 
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determine end-members of a two component system are often unsatisfactory, especially 
for samples with complex geological histories. 
The ion microprobe as a dating tool is much less handicapped by the composite 
age nature of zircon populations. With the Australian National University's ion 
microprobe, 30 µm diameter areas within single grains may be analyzed. The features of 
the ion microprobe which make it a particularly attractive tool for zircon geochronology 
are: 
A. Small sampling dimensions allow for high spatial resolution, making possible the 
measurement of single growth zones within a multi-component grain 
B. The technique is essentially non-destructive. After an analysis the grain is left 
intact, less only the small volume of material removed during the ion sputtering 
process. Unexpected or interesting results can therefore be verified using other 
analytical methods 
C. The elimination of chemical processing prior to analysis greatly increases sample 
throughput while removing the problem of laboratory blank. With the ion 
microprobe it is now common to obtain dozens of analyses of zircons extracted 
from a single geologic sample. 
These properties give the ion microprobe important advantages over conventional 
techniques involving the chemical dissolution of zircon and the use of isotopic tracers to 
determine interelemental ratios. It should be noted, though, that the conventional 
techniques do retain other significant advantages over ion microprobe analysis including: 
A. Compared to the ion microprobe, conventional methods generally yield more 
precise data. The precision of the ion microprobe is limited by ion counting 
statistics along with the uncertainties introduced by a strong interelement 
fractionation produced by the sputtering process. Conventional techniques 
using larger samples and isotopic traces avoid these problems 
B. Conventional methods determine elemental ratios directly with the use of isotopic 
tracers, whereas the ion microprobe must rely on the calibration of the sample 
against an intermittently analyzed standard in order to determine these ratios 
C. Initial machine investment costs are much higher for an ion microprobe relative to 
conventional mass spectrometers. 
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B.2 Radioactive Decay and Age Calculations 
The following section derives the mathematical formulae which govern radioactive decay. 
The basic procedures used for calculating ages and correcting for non-radiogenic 
components are also described. 
Radioactive Decay. Fundamental to the use of radiogenic isotopes for 
geochronology are the rules which describe the decay of large populations of unstable 
parent nuclei. These laws are based on the assumption that the decay rate of the parent 
species is proportional to the number of parent nuclei present at a given time: 
dN 
dt 
oc N 
where N is the number of parent nuclei in the population at a given time t. By 
introducing a constant of proportionality, A., this relationship may be transformed into : 
dN 
=-AN 
dt (equation B.1) 
where the negative sign indicates that the decay of parent nuclei leads to a reduction in 
their population with time. Rearranging and integrating equation B.1 leads to: 
or 
In N -A.t + C (equation B.2) 
where C is a constant of integration. Evaluating equation B.2 for time to when N = N0, 
results in 
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Substituting equation B.3 into equation B.2, one arrives at: 
In N = -A.t + In No 
In N - In No = -A.t 
In ( ~0 ) = - At 
N -At 
-=e No 
N = N0 e-A.t 
187 
(equation B.3) 
(equation B.4) 
which is the fundamental equation of radioactive decay. The total number of radiogenic 
* 
'daughter' nuclei which have been produced (0 ) is: 
D* = No - N 
which may be combined with equation B.4 to yield the following: 
N = ( D * + N ) e - A.t 
N e1d = o*+N 
D * = N eAt - N 
D * = N ( e A.t - 1) 
o* 
= eA.t - 1 
N (equation B.5) 
This final equation contains only terms dealing with the present day condition of the 
system. As the interest in radioactive decay in the current context is as a geochronometer, 
equation B.5 may be rearranged to give a solution for the time factor t: 
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t = 
(equation B.6) 
Knowing the appropriate value for A. and measuring the present day value for D*/N, it is 
possible to use equation B.6 to determine the age of any closed radioactive system. 
The half-life of a radioactive species, tyz, is defined as the time required for one 
half of the parent nuclei to transmute themselves into their daughter nuclei. Using the 
decay law given in equation B.5 and making D*/N = 1, the half-life can be determined: 
1 = e1dr2 - 1 
2 = eA.tt2 
In 2 = A.t~ 
In 2 ti-z=--
A 
:::: 
0.6932 
A. (equation B.7) 
Decay Series. Three radioactive decay series were central to this project. 
These involve the decay into Pb of two isotopes of U and one of Th. These three series 
are summarized in table B.1. 
Table B.1 
U-Th-Pb Radioactive Decay Series 
Decay Parent Daughter Decay Constant Half-Life 
Series Isotope Isotope (y-1) (Ma) 
4N + 3 23su 207pb 9.8485 x 10-10 704 
4N +2 23su 206pb 1.55125 x 10-10 4468 
4N +O 232Th 208pb 4.9475 x 10-11 14010 
Summary of decay series used in this project. The cited decay constants are for the parent isotope of each 
chain (Jaffey et al., 1971; Steiger and Jager, 1977). The daughter isotope represents the final, stable 
nucleus of the entire chain. 
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Four possible decay series exist for the trans-Pb elements, each given a name based on 
the divisibility of the atomic number of its component nuclei by four (the nucleon count of 
the a-particle which is emitted), e.g. 4N + 3 = 235 where N = 58 and 4N + 2 = 206 
where N = 51. The 4N + 1 decay series is not generally employed in geochronology, as 
it possesses no very long-lived isotopes. Each of these three decay series is actually 
composed of multiple a-, J3- and y-decays. For all three decay series the parent isotope 
of the chain is the most stable radioactive component of the entire chain. No naturally 
occurring heavier isotopes are known to exist today which might contribute to the parent 
isotopes. As the parent isotope has a much longer half-life than any of the intermediate 
products, its decay constant essentially defines to the decay constant for the entire chain 
once the system reaches equilibrium. 
Calculation of Ages. Using equation B.6 and the constants given in table 
B.1 the following three formulae for age calculation are arrived at: 
207Pb* 
In ( 23s U + 1 ) 
t235 = 9.8485x10·10 (equation B.8a) 
2osPb * 
In ( 23au + 1 ) 
t238 = 1.55125x 10·10 (equation B.8b) 
208pb* 
In ( 232Th + 1 ) 
t232 = 4.9475 x 10·11 (equation B.8c) 
where t is the age in years of the decay series whose parent isotope is indicated by the 
subscript oft. The isotopic ratios given in each of these three equations are the modem 
day measured values; the asterisk designates that only the radiogenic Pb component is 
involved (see table B.2). 
An additional method exists for determining the age of a sample, based only on 
the composition of the radiogenic Pb, thus requiring no additional information about 
either the U or Th composition of the analyzed material. The 207pbf206pb method is 
based on two assumptions, namely that the geological system being studied has not 
interacted with its environment prior to Recent times and that no isotopic fractionation of 
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U occurs in nature. The systematics of the 207pbf206pb method can be derived by 
applying equation B.5 to both U decay series: 
207pb* 
23su e A.23st _ 1 
~~~~ = ~~~~~~ 
2osPb • e ~3at _ 1 
23au 
201Pb • 23au 
( 235 U ) ( 20s Pb •) 
e ~3st - 1 
eA.23at - 1 
201Pb * 23su e Ae3st _ 1 
Cos Pb.) = ( 238 u ) e Ae3a t - 1 
(equation B.9) 
where 235U/238U = 1/137.88 (Steiger and Jager, 1977). It is not possible to solve 
directly fort in equation B.9. An iterative method is usually employed in order to 
calculate an age from a determined 207Pb*/206pb* (see table B.2). 
It is also possible to calculate the radiogenic 207Pbf206pb ratio for a closed 
system which evolved over an interval of time between t1 and t2 using the formula: 
1 
137.88 
e ~3st1 _ e ~3st2 
e~3at1 _ e~3at2 
(Faure, 1977) which reduces to equation B.9 at t2 = 0 Ma. 
Common Pb Correction. Each of the equations introduced for the 
calculation of ages requires a determined isotopic ratio involving only the radiogenic Pb. 
The asterisk in equations B.8 and B.9 signify that the specified ratios are only for the 
radiogenic component of the daughter isotope. The Pb contained in any given zircon 
inevitably contains some amount, however small, of Pb which is non-radiogenic in 
origin. This so-called 'common Pb' constitutes less than one percent of the 206pb in ideal 
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Table B.2 
Radiogenic Isotopic Ratios 
AGE(Ga) 206pb * f23&u 201pb * 1235u 207pb * f206Pb* 208pb * ;232Th 
0.0 0.000000 0.000000 0.046045 0.000000 
0.1 0.015633 0.103498 0.048015 0.004960 
0.2 0.031511 0.217707 0.050108 0.009944 
0.3 0.047637 0.343738 0.052333 0.014953 
0.4 0.064016 0.482812 0.054700 0.019987 
0.5 0.080650 0.636279 0.057219 0.025046 
0.6 0.097544 0.805631 0.059901 0.030130 
0.7 0.114702 0.992510 0.062757 0.035239 
0.8 0.132129 1.198730 0.065799 0.040374 
0.9 0.149828 1.426294 0.069042 0.045534 
1.0 0.167804 1.677410 0.072500 0.050719 
1.1 0.186061 1.954516 0.076187 0.055931 
1.2 0.204603 2.260303 0.080122 0.061168 
1.3 0.223435 2.597737 0.084322 0.066431 
1.4 0.242562 2.970095 0.088807 0.071720 
1.5 0.261987 3.380991 0.093597 0.077036 
1.6 0.281716 3.834414 0.098716 0.082377 
1.7 0.301754 4.334765 0.104187 0.087746 
1.8 0.322105 4.886902 0.110036 0.093141 
1.9 0.342774 5.496184 0.116293 0.098562 
2.0 0.363766 6.168525 0.122987 0.104011 
2.1 0.385086 6.910452 0.130151 0.109487 
2.2 0.406740 7.729167 0.137821 0.114990 
2.3 0.428735 8.632617 0.146034 0.120520 
2.4 0.451068 9.629572 0.154833 0.126077 
2.5 0.473753 10.729711 0.164261 0.131662 
2.6 0.496793 11.943710 0.174366 0.137275 
2.7 0.520193 13.283357 0.185200 0.142916 
2.8 0.543959 14.761653 0.196819 0.148584 
2.9 0.568097 16.392950 0.209283 0.154281 
3.0 0.592611 18.193083 0.222656 0.160006 
3.1 0.617509 20.179525 0.237010 0.165759 
3.2 0.642797 22.371561 0.252419 0.171541 
3.3 0.668479 24.790468 0.268965 0.177352 
3.4 0.694563 27.459726 0.286737 0.183191 
3.5 0.721055 30.405247 0.305829 0.189059 
3.6 0.747961 33.655621 0.326345 0.194957 
3.7 0.775288 37.242405 0.348396 0.200883 
3.8 0.803042 41.200409 0.372102 0.206840 
3.9 0.831229 45.568062 0.397593 0.212825 
4.0 0.859858 50.387756 0.425008 0.218840 
4.1 0.888934 55.706280 0.454500 0.224886 
4.2 0.918464 61.575260 0.486231 0.230961 
4.3 0.948456 68.051659 0.520379 0.237066 
4.4 0.978918 75.198364 0.557136 0.243202 
4.5 1.009855 83.084724 0.596707 0.249368 
Radiogenic isotopic ratios for the U-Th-Pb system given at 100 Ma intervals from the present day for 
throughout the age of the Earth. The ratios represent the modern day values for a system which was 
created at the given time and which has remained isolated since that time. 
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cases to over half of the total 206Pb in strongly altered zircons. For precise age 
determinations, it is essential to know what proportion of each of the measured Pb 
isotopes represents common Pb. An advantage of the Pb system is that it contains a very 
long lived, non-radiogenic isotope, 204Pb, with t~ > 1Q17 years. This very low decay 
rate means 204pb may be regarded as being stable. Therefore, using the equations 
Pbmeasured = Pbcommon +Pb* and 204Pb* = 0, the relationship between the measured, 
common and radiogenic Pb components for any of the three radiogenic Pb isotopes may 
be derived using the following algebraic steps: 
Pb* 
u 
Pb* 
u 
Pb* 
u 
Pb* 
u 
where subscript m denotes a measured value and subscript c denotes the common Pb 
component. For each of the three radiogenic isotopes of Pb this may be individually 
written: 
206Pb * 206 Pb (204Pb I 206 Pb) 
238 U = { 238 U } m [ 1 - (204 Pb 1206 Pb) m ] 
c 
201 Pb* = 201 Pb [ 1 _ (204 Pb I 201 Pb) m ] 
235U C3sU t (204Pb/201 Pb) 
c 
208 Pb* 208Pb (204 Pb I 208 Pb) 
232Th = c32Th }m [ 1 - (204Pb/208Pb) m] . 
c 
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Likewise, when using the 207Pb/206Pb ratio for dating, a common Pb correction must be 
applied to the measured value. Once again using the relationship 204Pbm = 204Pbc is 
used, the following algebraic steps derive the correction equation: 
207Pb * 207 Pb m - 207 Pbc 
= 
206Pb * 206 Pbm - 206 Pbc 
207Pb * 207 Pbm - 207 Pbc 
= 
206 206 (204 Pb/206Pb) 206pb * 
Pbm - Pbm (264 206 )m 
Pb/ Pb c 
207Pb* (207 Pbm - 207 Pbc) / 206 Pbm 
206pb * 1 
( 204 PbJ2osPb) 
- m 
( 204 Pb/2osPb) c 
207 Pbm 207 Pbc 206Pbc ) 207Pb * 20~Pbm -{ 206Pbc 206Pbm 
-
2oePb * 1 
( 204 Pb/2os Pb) 
- m 
(204 Pb/2osPb) c 
206pb * ( 204 Pb/2osPb) 1 - m 
( 204 Pb/2osPb) c 
(equation B.10) 
Equation B.10, like those preceding, requires a knowledge of the isotopic 
composition of the common Pb, in this case values for both (207Pb/206pb )c and 
(204pbf206pb)c are necessary. A number of techniques are available for defining the 
isotopic composition of the common Pb. If the common Pb in the zircons is genetically 
related to the Pb in coexisting, U- and Th-poor minerals (e.g. feldspars or sulfides) then 
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the measured composition of these associated minerals may be used as an indicator for the 
common Pb in the zircons. Another means for defining the isotopic ratios of the non-
radiogenic Pb is by modeling the evolution of common Pb with time. Pb growth curves, 
such as those by Cumming and Richards (1975) or Stacey and Kramers (1975), model 
the secular variations of 'average' common Pb. The isotope ratios for Cumming and 
Richards's model 3 growth curve are given in figure B.1 and table B.3 at 100 Ma 
intervals. If a magmatic zircon contains common Pb from the magma, then its isotopic 
ratios may be defined by a model for at the time of zircon crystallization. If the common 
Pb entered the zircon during young weathering processes, then a zero age isotopic 
composition might be more appropriate. In either case, it is difficult to assign precision 
estimates to the common Pb isotopic ratios estimated in this way. One way to verify that 
a chosen common Pb composition is appropriate (assuming a significant dispersion in the 
measured 204Pbf206pb ratios) is to check whether the measured Pb isotopic ratios of the 
zircons lie on a mixing line between a single radiogenic component and the modelled 
204Pb/206pb and 207Pb/206pb values. This test only works with data which have not 
experienced ancient Pb-loss. 
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Figure B.1: Pb isotopic growth curves based on Cumming and Richards's (1975) Model 3. Data 
interval is 100 Ma. The data for these graphs are given in table B.3. 
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Table B.3 
Common Pb Isotopic Ratios 
Age( Ga) 206/204 207/204 208/204 204/206 207/206 208/206 
0.0 18.824 15.671 38.893 0.05312 0.8324 2.066 
0.1 18.656 15.663 38.689 0.05360 0.8395 2.074 
0.2 18.487 15.654 38.485 0.05409 0.8467 2.082 
0.3 18.316 15.644 38.280 0.05460 0.8542 2.090 
0.4 18.143 15.634 38.075 0.05512 0.8617 2.099 
0.5 17.968 15.622 37.870 0.05565 0.8694 2.107 
0.6 17.791 15.609 37.664 0.05621 0.8774 2.117 
0.7 17.613 15.595 37.459 0.05678 0.8855 2.127 
0.8 17.433 15.580 37.253 0.05736 0.8937 2.137 
0.9 17.251 15.563 37.047 0.05797 0.9022 2.148 
1.0 17.066 15.544 36.840 0.05860 0.9109 2.159 
1.1 16.880 15.523 36.634 0.05924 0.9196 2.170 
1.2 16.693 15.501 36.427 0.05990 0.9285 2.182 
1.3 16.503 15.476 36.220 0.06060 0.9378 2.195 
1.4 16.311 15.449 36.012 0.06131 0.9472 2.208 
1.5 16.117 15.419 35.805 0.06205 0.9575 2.222 
1.6 15.922 15.387 35.597 0.06281 0.9664 2.236 
1.7 15.724 15.351 35.389 0.06360 0.9763 2.251 
1.8 15.525 15.312 35.181 0.06441 0.9862 2.266 
1.9 15.323 15.269 34.973 0.06526 0.9964 2.282 
2.0 15.119 15.221 34.764 0.06614 1.0067 2.299 
2.1 14.914 15.169 34.556 0.06705 1.0171 2.317 
2.2 14.706 15.113 34.347 0.06800 1.0277 2.336 
2.3 14.496 15.050 34.138 0.06898 1.0381 2.355 
2.4 14.284 14.981 33.928 0.07001 1.0488 2.375 
2.5 14.070 14.906 33.719 0.07107 1.0594 2.396 
2.6 13.854 14.824 33.509 0.07218 1.0700 2.419 
2.7 13.636 14.733 33.299 0.07334 1.0805 2.442 
2.8 13.415 14.634 33.089 0.07454 1.0908 2.466 
2.9 13.193 14.524 32.879 0.07580 1.1009 2.492 
3.0 12.968 14.405 32.669 0.07711 1.1108 2.519 
3.1 12.741 14.274 32.458 0.07849 1.1204 2.548 
3.2 12.512 14.130 32.247 0.07992 1.1293 2.577 
3.3 12.281 13.972 32.036 0.08143 1.1377 2.609 
3.4 12.048 13.798 31.825 0.08300 1.1452 2.641 
3.5 11.812 13.608 31.614 0.08466 1.1520 2.676 
3.6 11.574 13.400 31.403 0.08640 1.1578 2.713 
3.7 11.334 13.171 31.192 0.08823 1.1621 2.752 
3.8 11.092 12.921 30.980 0.09016 1.1650 2.793 
3.9 10.847 12.646 30.768 0.09219 1.1658 2.837 
4.0 10.600 12.344 30.556 0.09434 1.1645 2.883 
4.1 10.351 12.013 30.344 0.09661 1.1606 2.932 
4.2 10.099 11.651 30.132 0.09902 1.1537 2.984 
4.3 9.8450 11.253 29.920 0.10157 1.1430 3.039 
4.4 9.5890 10.817 29.708 0.10429 1.1281 3.098 
4.5 9.3300 10.339 29.495 0.10718 1.1081 3.161 
Isotopic ratios for Cumming and Richards's (1975) Model 3 mean ore common Pb given for 100 Ma 
intervals throughout the history of the Earth. See figure B.1 for a graph of these data. These ratios 
refer to an unspecified (e.g. lower continental crust, upper mantle, etc.) homogeneous global Pb reservoir. 
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B.3 Zircon Sample Preparation 
Approximately 1 kg of each sample was coarsely crushed with a jaw mill which 
was only crudely cleaned prior to use. The resulting circa 1 cm chips were then washed 
to remove any possible surf ace contamination. The chips were dried in air and further 
crushed using a chrome-steel puck and ring mill which was cleaned with alcohol. The 
resulting powder was sieved using 200 µm disposable nylon mesh and then was washed 
in water to remove dust. This washing generally resulted in roughly a 50% mass loss. 
The residue was dried and then subjected to gravity separation using tetrabromomethane 
(C2H2Br4), thus concentrating all components with densities greater than 2.9 gm/cm3. In 
most granitic samples this removed roughly a further 95% of the material. The resulting 
concentrate was thoroughly washed in filtered acetone and dried. Next, the sample was 
subjected to magnetic concentration. Magnetite and other highly magnetic minerals were 
removed using a bar magnet. Repeated passages through an isodynamic separator were 
made using a side tilt of between 7 and 10° and a forward tilt of between 15 and 20°. 
After each pass through the separator the coil current was increased until zircons began 
appearing in the magnetic fraction, this usually happening around 1.0 to 1.2 Amperes. 
This procedure was used so as to intentionally retain all zircons, regardless of their 
magnetic properties. In the majority of granitic samples this procedure resulted in > 70% 
concentration of zircon. Final concentration was done by handpicking using a binocular 
microscope removing individual zircon grains with a single hair brush. During this final 
step all zircons, including opaque or metamict ones, were selected, thus minimizing any 
possible bias to the population. 
\Vherever possible, more than 70 zircons were extracted from a sample. This 
gave enough material for analysis as well as giving low abundance components in the 
population a better chance of being represented. The individual grains were arranged in a 
tight cluster on double-sided masking tape, then cast in cold-setting epoxy and allowed to 
set. The resulting 2.5 cm diameter epoxy disk contained the zircons as well as a hole in 
which a calibration standard could be placed. The disk was polished to expose the 
interiors of the zircon grains and to provide a flat surface for analysis. A final 10 minute 
polish was given using 1 µm diamond paste. The sample mount was photographed, 
ultrasonically cleaned in detergent, dried and given a thin conductive carbon coat (what 
few analyses were conducted in 1990 used a gold coat). The minimum time required 
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between initiation of sample preparation and having a sample mount ready for analysis 
was typically two days. 
B.4 Description of SHRIMP Hardware and Operation 
The ion microprobe is a surface analytical tool based on the removal of material 
by ion bombardment. Ions sputtered from the target surface are subjected to mass 
separation using a double focussing mass analyzer. Compared with commercially 
available ion microprobes, SHRIMP possesses two fundamental advantages. Firstly, 
SHRIMP is capable of high mass resolution, routinely operating at a resolution of M/~M 
of circa 5500. Such mass resolution is sufficient to separate most isobaric interferences 
which might interfere with the Pb spectrum. At M/~M = 5500 the 208pb+ peak is 
resolved from the 176Hf16Q2 +with an intervening background of S::l %. Secondly, 
SHRIMP's large geometry allows for relatively wide entrance and exit slits (circa 75 
µm), resulting in a high transmission efficiency. 
QUADRUPOLE LENS 
SHRIMP ANALYZER 
ION OPTICS 
PRIMARY 
Figure B.2: The basic geometry of the SHRIMP ion microprobe. The flight tube is ca. 7 .5 meters 
, long. Diagram from Eldridge et al. (1989). 
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The SHRIMP ion microprobe is a double focussing mass spectrometer; 
regardless of initial energies it focuses ions of a given mass onto the collector slit. This 
feature is essential to ion microprobe analysis, since the sputtering process generates ions 
with a spectrum of initial energies. Double focussing is accomplished by passing the ion 
beam first through a cylindrical electrostatic analyzer (ESA) and then through a 
homogeneous field sector magnet (figure B.2). A quadrupole lens after the ESA 
corrects for so-called second order optical aberrations (Matsuda, 197 4 ). 
The first step in the successful operation of SHRIMP involves the generation of 
a primary ion beam by the duoplasmatron source. A ca. 400 Volt discharge between the 
hollow cathode and the anode forms a plasma in a low pressure oxygen atmosphere. The 
resulting ionized oxygen and free electron plasma is contained in a region defined by the 
field of an adjustable electromagnet. A circa + 10 kV potential extracts the primary 
oxygen beam through a 300 µm aperture in the anode (figure B.3). A series of lenses, 
apertures and steering plates transfer and focus the primary ion beam. Ideally, when the 
ion beam reaches the target it has a uniform density and is focussed to a <30 µm diameter 
spot with a homogeneous ion distribution and sharp boundaries. 
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Figure B.3: Schematic diagram of the duoplasmatron ion source. Low pressure oxygen is bled in at 
the left, is converted into a plasma by an arc discharge and is accelerated to form an ion beam moving 
towards the right. The magnet is used to constrict the region in which the plasma may migrate. The 
approximate voltages given are with respect to the hollow cathode. 
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When the primary ion beam reaches the target it is composed of a variety of 
atomic and molecular species. The 1989 installation of a Wien mass filter makes it 
possible to select which single species from the primary beam will reach the target. This 
also allows the relative abundances of the different components in the primary beam to be 
determined (figure B.4). The data contained in this these were mostly collected using 
an unfiltered primary oxygen ion beam. Typical primary beam currents, as measured by 
charge flow off the epoxy sample disk, were around 3.0 nA. When the negative oxygen 
atoms/molecules reach the target they impinge at an angle of 45° to the surface of the 
polished sample. This results in the erosion of the target, a small fraction of the removed 
material being ionized. These ions are extracted by a 9 kV potential in a direction normal 
to the sample surface, forming the secondary beam on which the isotopic measurements 
are carried out. 
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Figure B.4: Diagram of the mass species in SHRIMP's primary ion beam. The ordinate axis is in 
counts per second on the secondary beam's mass 254 (UO+) peak using a zircon target. As sputtering 
efficiencies and ionization yields differ for the various masses, the indicated intensities for the secondary 
beam cannot be directly related to ion ratios in the primary beam. (Data from Kinny, pers. comm.) 
Within the source housing a series of lenses and deflection plates focus the 
secondary beam onto the entrance slit. SHRIMP has an adjustable entrance slit, which 
for zircon analyses is typically kept at a width of 75 µm. After passing through this slit 
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the secondary beam leaves the source housing and enters the electrostatic analyzer (ESA). 
The ESA consists of two parallel, cylindrical conducting plates maintained at potentials 
of -550 V and +550 V relative to true electrical ground. This configuration produces a 
homogeneous, radial electrical field with ground potential at the mid-radius between the 
two plates. An adjustable energy slit is located at the exit to the ESA which for zircon 
analyses is typically maintained at ± 3 mm width in the Y direction, giving an initial 
energy spread tolerance of circa 50 eV. An adjustable Z limiting slit, an electrostatic 
quadrupole lens and a removable Faraday cup beam monitor are also located immediately 
after the ESA. The next component in the mass analyzer is a homogeneous field sector 
magnet which takes the secondary beam and forms a focussed image of a single mass on 
a 80 µm collector slit. It has been empirically found that for SHRIMP the position of the 
magnetic focal plane is a function of magnet field strength. This requires the collector slit 
to moved back and forth circa 2 cm in the X direction during U/Pb zircon analyses. This 
is accomplished by moving the entire collector housing nearer to (low mass) and further 
from (high mass) the magnet during each scan cycle. Ion counting capabilities are 
provided by a ten dynode electron multiplier located behind the collector slit, which is 
operated in pulse-counting mode. A removable Faraday cup is also available. 
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APPENDIX C: 
PUBLISHED ABSTRACTS 
C.1 Abstract for the First Australian Conference on 
Geochronology (Canberra, 11 - 13 May 1988) 
The Jillawarra Gneisses: a Multiply-Aged Gneiss Sequence in the 
Northwestern Yilgarn 
M. Wiedenbeck (Research School of Earth Sciences, Canberra) 
Reconnaissance ion microprobe data collected from the Narryer 
Gneiss Complex of the northwestern Yilgarn did not confirm that the gneisses 
of this region were derived from two distinct protoliths, as inferred from field 
mapping. To resolve this conflict, an intensive ion microprobe study of the 
zircon U-Pb ages was undertaken on an isolated gneiss outcrop at Jillawarra 
Bore on the Mt. Gould property. Preliminary data show that different ages may 
be identified within these leucocratic gneisses. The zircon age patterns can 
be related to localized differences in both the fluid and deformational histories 
of the individual samples. Data from a strongly foliated gneiss gave apparent 
207Pbf206pb ages that range between 3.5 and 3.4 Ga, which are interpreted as 
a younger limit of the crystallization age of the gneiss's igneous protolith. A 
sample of strongly foliated gneiss which was overprinted by a discordant 
mylonite zone gave zircon ages principally at 2.6 Ga, with many older grains 
present also. This late Archean age may represent the time of mylonite 
formation. Two samples from massive quartz-feldspar pods within the 
gneisses were dominated by ca. 2.6 Ga zircons, with one sample showing 
large amounts of inheritance going back as far as 3.9 Ga. These pods are 
interpreted as being derived from partial melting of the gneiss at 2.6 Ga. Data 
from a nearby, post-tectonic granite gave an age of 2.6 Ga, which provides a 
younger limiting age for the termination of both the regional metamorphism 
and penetrative deformation. 
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C.2 Abstract for the Annual Meeting of the Geological Society 
of America (Denver, 31 October - 3 November 1988) 
SINGLE ZIRCON U-Pb AGES FROM THE NARRYER GNEISS COMPLEX, 
WESTERN AUSTRALIA 
WIEDENBECK, M.*, COMPSTON, W.* and MYERS, J.S.** 
* Research School of Earth Sciences, The Australian National 
University, G.P.0. box 4, Canberra, A.C.T., 2601 (Australia) 
** Geological Survey of Western Australia, Mineral House, 
66 Adelaide Tee., Perth, W.A., 6000 (Australia) 
Zircon U-Pb ages of gneisses collected during reconnaissance sampling from 
throughout the Narryer Gneiss Complex failed, in some instances, to give 
clearly interpretable age patterns. To help resolve this, a detailed ion 
microprobe study was undertaken on a 1 km2 gneiss outcrop at Jillawarra 
Bore. It was found that concordia diagrams for zircons from mylonitized and 
unmylonitized gneisses can give the same age patterns, while those from 
gneisses having similar textures can be different. We interpret these 
observations as indicating that, in this case, deformation has had little 
influence on zircon U-Pb ages and that the gneisses at Jillawarra apparently 
formed from multiple igneous protoliths having discrete primary ages at 3.3 Ga 
and up to 3.5 Ga. ldiomorphic zircons from massive, diffuse zones within the 
banded gneisses are principally 2.7 Ga, which are interpreted as having 
precipitated from very localized melts formed during high grade 
metamorphism. A few zircon cores give 207pbf206pb ages of ca. 4.0 Ga. These 
represent the oldest zircon xenocrysts found so far in any of the Narryer 
gneisses, but they are probably younger than the 4.2 Ga detrital zircons from 
the Narryer and Jack Hills metasediments. Zircons collected from a nearby, 
undeformed granite give an emplacement age of 2620 ± 2 Ma (1 cr), which 
provides a younger limiting age for the termination of both the high grade 
regional metamorphism and penetrative deformation. 
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C.3 Extended Abstract for the 3 International Archaean 
Symposium (Perth, 17 - 21 September 1990) 
The Duration of Tectono-Thermal Episodes in the Late Archean: Constraints 
from the Northwestern Yilgarn Craton, Western Australia 
Michael Wiedenbeck, Research School of Earth Sciences, the Australian 
National University, GPO box 4, Canberra, A.C.T., 2601 Australia 
In order to establish the duration of Late Archean activity in the 
northwestern Yilgarn Craton, a detailed zircon dating project was undertaken 
on a suite of orthogneisses from a small part of the Narryer Gneiss Complex. 
These Early to mid-Archean gneisses were deformed and metamorphosed 
during the Late Archean, a process whose duration had not been previously 
established. This abstract reports zircon ages for seven samples collected 
from near Jillawarra Bore (25°34'S;117°21 'E); their combined data reflect a 
protracted period of in situ zircon growth which was closely followed by the 
emplacement of a post-metamorphic granitoid. 
This investigation centered on a 0.04 km2 outcrop of polyphase 
gneisses from the northern margin of the Yilgarn Craton. The Jillawarra Bore 
site was chosen because of its relatively high quality of exposure, because it 
had been the focus of earlier petrological/geochemical studies (Muhling, 
1981 : 1988) and because it is 'typical' of the Dugel leucocratic gneisses which 
are abundant in the region (Myers, 1988; 1990). A further consideration was 
that a Sm-Nd TcHUR model age of 3.52 ± .03 Ga (2s) had been measured 
previously on 'gneisses' at this site (Fletcher et al., 1983), implying the 
presence of a very old component. 
The Jillawarra Bore outcrop was initially mapped at a scale of 1 :1000 
(figure 1 ). This exercise identified rare occurrences of banded gneisses, 
believed to be the oldest component preserved in the exposure. These 
qz+feld+bio+hbl gneisses contain centimeter width, planar, compositional 
banding derived from the tectonic interleaving of a heterogeneous magmatic 
protolith. Zircon ages from a sample of this banded gneiss gave crystallization 
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ages between 3.5 and 3.4 Ga. The second oldest phase at Jillawarra Bore is 
a qz+feld±bio orthogneiss, which represents over 75% of the exposure. 
Magmatic zircons from two samples of this leucocratic phase gave 
emplacement ages of 3.3 Ga. Mafic dikes were emplaced with the leucocratic 
granitoid; truncated margins clearly indicate that these dikes were injected into 
the still molten quartzo-feldspathic magma. The leucocratic magma, along 
with its synintrusive dikes, invaded and displaced the host banded gneisses. 
The banded gneisses now exist only as isolated lenses within the younger 
leucocratic phase. Subsequent to crystallization this package of gneisses, 
granitoids and dikes was tectonically juxtaposed with mid-Archean 
sedimentary rocks. In the study outcrop these sediments are represented by a 
long, narrow strip of qz+cpx+calc+ep calc-silicates (figure 1) which contains 
3.82 and 3.12 Ga zircons, interpreted as the age distribution of the detrital 
source region. The mafic dikes were boudinaged and a NW-SE foliation was 
developed. Synchronous or subsequent to this deformation, granulite facies 
metamorphism recrystallized the entire suite, causing the leucocratic gneisses 
to partially melt and inducing a nebulitic texture. New, meter-sized melt pods 
were segregated in situ from their leucocratic precursors. These pods 
generally contain ghost relicts of their precursors's nebulitic texture, though 
rare examples of massive 'total melt' may be found. This granulite facies 
event caused new zircons to crystallize in situ in the leucocratic gneisses, the 
mafic dikes and the calc-silicates. A rapid drop in metamorphic grade was 
followed by the emplacement of a discordant, post-tectonic quartz monzonite. 
Finally, (Proterozoic?) mafic dike emplacement and shearing took place. 
Ion microprobe zircon ages were measured on seven samples from 
this sequence, these included: one sample from the banded gneiss, two from 
the leucocratic gneisses, one from the in situ formed 'total melt', one from the 
early mafic dikes, one from the calc-silicates and one from the post-
metamorphic quartz monzonite. The age results are summarized in table 1, it 
is apparent that Late Archean tectono-thermal activity extended over a 
protracted period, perhaps 100 Ma. 
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Figure 1: Large-scale lithologic map of the gneisses near Jillawarra Bore showing the locations 
of six sample sites. The post-metamorphic quartz monzonite was collected 700 meters to the 
west. The NE-SW trending bands are late shear zones which may be related to Proterozoic 
deformation seen further to the north. Inset in the upper left shows the position of Jillawarra 
Bore (black dot) relative to the rest of the Yilgarn Craton. White areas are zones of no outcrop. 
Lithology MagmatiQ ZirQQn~ MetamQrQhiQ ZirQQn~ 
Quartz Monzonite 2.62 absent 
Cale-Silicates 2.73 - 2.58 
Mafic Dike absent 2.71 - 2.62 
Total Melt absent -2.70 - -2.60 
Leucocratic Gneiss -3.3 -2.75 - -2.60 
Banded Gneiss 3.5 - 3.4 absent 
Table 1: Summary of ion microprobe ages obtained from seven samples (including 2 
leucocratic samples which have been combined). The indicated radiogenic 207pb;206pb ages 
are in Ga. 
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Within this group of samples, zircon which grew during the Late 
Archean granulite facies metamorphism could generally be distinguished by 
their clear, pink appearance and equant crystal form with poorly developed 
crystal edges. Of the seven samples, only the banded gneiss contained no 
Late Archean zircons. Two leucocratic samples were analyzed, one 
containing a well preserved nebulitic texture and one where only a ghost 
texture survived the metamorphic event. These two samples are interpreted 
as mixtures of mid-Archean Dugel Gneiss which have had variable amounts of 
in situ melt formed within them. Both of these leucocratic gneiss samples 
contained 3.3 Ga zircons, interpreted as magmatic in origin. Late Archean 
metamorphic zircon was also present in both samples, in each case 
representing over half of the zircon population. A difficulty exists in using 
these data to determine the exact duration of the Late Archean metamorphism, 
as some of the analyses may represent 3.3 Ga zircon which lost nearly all of 
its radiogenic Pb during the granulite facies event. Therefore, those ages 
greater than ca. 2.7 Ga may not be conclusively attributed to zircon growth 
during metamorphism (figure 2). Within the Jillawarra Bore outcrop rare, 
small zones of very leucocratic material (qz+feld) which show no trace of 
banding or foliation are present. This 'total melt' phase is interpreted as a 
localized concentration of essentially pure fluid/magma derived largely from 
the surrounding gneisses during the partial melting event. Data from the 'total 
melt' phase gave only Late Archean ages, with rare analyses giving ages 
younger than ca. 2.60 Ga, which may represent in situ zircon growth 
subsequent to the drop in metamorphic conditions. Due to the absence of 
mid-Archean zircons in the 'total melt' phase, the oldest analysis of 2.70 Ga 
provides a firm younger age limit for the onset of metamorphism. Zircons from 
the mid-Archean concordant mafic dike gave a spread in ages between 2.75 
and 2.62 Ga (figure 2). These 207pb/206pb ages and their analytical 
precisions scatter beyond statistical limits, indicating that their ages do not 
represent one single, short-lived event. These data are therefore interpreted 
as resulting from in situ zircon growth over a protracted time period. The data 
obtained from the sample of calc-silicate gave Late Archean ages between 
2.73 and 2.58 Ga. Once again, the single analysis older than 2.7 Ga may 
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represent a mid-Archean zircon which lost nearly all of its radiogenic Pb 
during Late Archean metamorphism. The ages and their uncertainties 
obtained from the quartz monzonite produced a statistically clustered group 
with an age of 2.62 Ga (figure 2). Based on mineralogy and texture of this 
post-tectonic granitoid, it is concluded that metamorphic conditions had 
decreased to greenschist facies or lower by 2.62 Ga. 
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Figure 2: Histogram of radiogenic 207pbf206pb ages which are ;::90% concordant. Two samples of 
leucocratic material which retained their pre-metamorphic foliation have been combined. Each box 
represents one analysis, the number of analyses per category is given in the legend. The uncertainty on 
individual analyses is typically ±15 Ma (ls). 
Two conclusions can be drawn from this compilation of data. First, the 
duration of the high-grade conditions responsible for in situ zircon growth 
extended over a period of approximately 100 Ma. Second, the termination of 
metamorphic conditions happened quickly, such that by 2.62 Ga the gneisses 
had cooled and been incorporated into the upper crust, at which time the 
quartz monzonite was emplaced. Any comprehensive model for Archean 
tectonics must account for such a protracted period of metamorphism and its 
rapid termination as has been observed at Jillawarra Bore. 
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C.4 Abstract for the Seventh International Conference on 
Geochronology (Canberra, 24 - 29 September 1990) 
The Common Pb Composition of Feldspars Measured with the SHRIMP 
Ion Microprobe 
WIEDENBECK, Michael, Research School of Earth Sciences, the Australian 
National University, Canberra, A.C.T., 2601, Australia 
In order to more accurately characterize the common lead composition in 
zircons, a procedure using the SHRIMP ion microprobe has been developed 
for measuring the lead spectrum in cogenetic feldspars. With a 40µm spatial 
resolution, the ion microprobe is capable of detecting in situ variations in the 
lead composition of feldspars. Analyses are conducted on polished thin 
sections cast in epoxy disks. A small plug containing a lead rich (2.0 wt.% 
Pb02) potassium feldspar standard is included for monitoring machine 
sensitivity and isotopic fractionation. 
Measurements are conducted with a 5 nAmp primary 0 2- beam at 
M/~M = 6500. Typical sensitivities for lead are 20 counts I sec I ppm. Included 
in the single collector peak hop sequence are mass stations for both ThO and 
UO, which are used to detect the presence of thorium and uranium in the 
volume being analyzed. No evidence has been found for lead hydride 
interferences on either the 207Pb or 2ospb masses. Machine induced mass 
fractionation favoring the lighter isotopes is s3%o. Based on counting statistics, 
during a 25 minute analysis the 204Pb/206pb, 201pb;2ospb and 2ospb;2osp b 
ratios in a sample containing 20 ppm total Pb can be determined to a 1 cr 
precision of 7%o, 5%o and 5%o, respectively. 
Initial results from Archean feldspars from Western Australian 
granitoids show that different lead isotopic compositions may exist between 
optically similar areas. Such variations are not correlated with the presence of 
Th or U, hence it is unlikely these differences reflect the in situ decay of 
radioactive elements. In one case the 204Pb/206pb of a single grain varied 
from exterior to interior from 0.0760 to 0.0542, respectively. Such large 
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inhomogeneities must reflect an open system behavior, allowing lead to enter 
the feldspar from its surroundings. Where heterogeneous feldspar 
populations have been measured they show good correlation between their 
lead isotopic ratios, implying a mixing between the original magmatic 
component and one single contaminant. The non-radiogenic lead in zircons 
is best characterized as the least radiogenic component found in the 
feldspars. Continued work will better describe the geologic process affecting 
feldspar common Pb. 
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C.5 Abstract for the First French Zircon Conference: 'Zircon 
Morphologie et Structrue lnterne' (Nancy, 13 March 1992):t 
Development of Zircon Standards for U-Th-Pb, REE and hafnium Isotopes 
Michael Wiedenbeck: Centre National de la Recherche Scientifique, Centre 
de Recherches Petrographiques et Geochemiques, B.P. 20, 54501 
Vandoeuvre Cedex, France 
A project to produce zircon standards is currently underway. The goal of this 
work is to identify natural zircon megacrysts for use in direct intra-laboratory 
comparisons. The same materials are also envisioned for use as laboratory 
calibration standards for ion microprobes. The ultimate goal of this work is to 
provide three different zircons with three widely different geological ages, one 
of which will be specified as the standard for future isotope dilution inter-
laboratory comparisons. It has been arranged to provide the isotope dilution 
data from multiple laboratories for U-Th-Pb, REE and hafnium systems on the 
three selected megacrysts. Furthermore, measurements of the oxygen 
isotopic composition and the trace element concentrations (proton probe, 
neutron activation and electron microprobe) are also planned. The results of 
this project are to be published in Geostandards Newsletter. 
This project has been underway since July 1991. Initially over 60 
large zircons were obtained from museums and gem dealers. A fragment from 
each megacryst was then tested for chemical homogeneity using SEM 
backscattered electron mode. Each grain was further tested for the absence of 
high level concentrations of impurities and for the presence of a well ordered 
zircon structure using powder X-ray diffraction. These methods, combined 
with optical microscopic observations of inclusions, were able to eliminate 
some 80% of the grains as being unsuitable as standards. The remaining 
=I: This represents work which was undertaken after having left the Australian National 
University. This abstract is included here because the work in Canberra demonstrated the 
importance of quality standards. 
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grains were further tested for homogeneity using the cathode luminescence 
and proton probe techniques. From this remaining set of megacrysts, eight of 
the samples were selected (based on size, estimated U content and probable 
age) for preliminary U-Pb analysis. The analyses of these fragments are 
currently underway. Based on these results three concordant, lead rich grains 
will be selected for distribution to the eight participating isotope dilution 
laboratories. Subsequent to publication of the results, fragments of these 
materials will be available from Geostandards Newsletter in Nancy. 
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APPENDIX D: 
REPORT TO NASA 
During a visit to the United States I had the opportunity to spend a week at National 
Aeronautics and Space Administration's Johnson Space Center, Houston. During this 
time I used the JSC's electron microprobe to analyze zircons from three terrestrial 
samples which were provided by Dr. C. Meyer. My week at JSC was valuable, 
providing an opportunity to learn about measuring low level concentrations with this 
technique. As a result of this invitation, a report was produced on the results of of this 
short study. This report follows. 
I would like to briefly acknowledge Dr. Charles Meyer for his generous support 
and encouragement, without which this project would not have been possible. 
Report on Project Conducted by M. Wiedenbeck During Visit 
to JSC/LPI (9 January - 12 January, 1989) 
D.1 Introduction 
The research goal of the week spent at NASA, Houston was to gain experience 
in the use of an electron microprobe to analyze trace elements in zircon. Such research is 
directly related to the topic of the PhD which is currently in progress at the Australian 
National University, Canberra involving the use of the ion microprobe to determine the 
U-Pb age of zircons from Western Australia. It is hoped that a more detailed 
understanding of the chemistry of zircons will lead to a more accurate interpretation of 
this mineral's important isotopic system. 
The Johnson Space Center's CAMECA CAMEBAX electron microprobe was 
made available for two days. This time was spent learning how to calibrated and run the 
machine for determining the absolute concentrations of seven major and trace elements in 
zircons. After the machine had been successfully set-up data were measured on zircons 
from three different granites from the western United States. These data were collected in 
order to investigate the chemical variability between grains from different suites of zircon 
as well as to study the the chemical nature of post-crystallization alteration of zircon. 
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High contrast backscattered electron images of single grains were found to be very useful 
in defining chemical heterogeneity and crystallographic controlled zoning which may not 
be visible under the optical microscope. 
D.2 Analytical Method 
The first step in this study was to select the necessary running conditions for the 
seven elements which were chosen for analysis. This process involved determining 
which X-ray spectral line was best suited for each each element, the displacement of the 
background measurement positions from each of these spectral lines and the counting 
times necessary to achieve the desired precision based on the counting statistics of both 
the spectral peaks as well as the background wavelength positions. The run parameters 
which were chosen for the zircons are given in table D.l. Two important points which 
came out of this setting-up procedure were that first, the minimum acceptable background 
displacement is a function of the spectral line to background intensity ratio and second, 
the optimum counting time required for the determination of the X-ray background is a 
function of both the peak to background intensity ratio as well as the counting time which 
was chosen for the particular spectral line. In all cases one high and one low background 
positions were chosen to be symmetrically displaced from their associated spectral peak. 
Table D.1 
Parameters for Electron Probe Data Acquisition 
Element Emission Counting Time Spectrometer Position Background Standard 
Line (seconds) (crystal) (sin '6) Disp. (sin '6) material 
ZI La 25 PET (x-tal 1) 0.69387 600 Zircon 
Hf La 40 LIF (2) 0.38982 600 Zircon 
Si Ka 25 TAP(3) 0.27737 600 Zircon 
y La 800/500 PET (1) 0.73711 500 Glass 
p Ka 800/500 PET(l) 0.70376 250 Apatite 
Yb La 800/500 LIF (2) 0.41523 500 Glass 
Fe Ka 800/500 LIF (2) 0.48090 500 Amphibole 
List of the data collection parameters used during data collection for this project. The indicated 
background displacement represents microns of displacement of the diffraction crystal. 
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The goal of this project was to conduct a preliminary study of trace element 
variability of zircon on a fine scale. Studies using the Australian National University's 
SHRIMP ion microprobe have clearly demonstrated that not only age heterogeneity but 
also differences in the discordancy patterns exist in the U-Th-Pb systematics of zircons 
on a sub-grain sized scale. The hope exists that trough a study of the chemical variability 
of zircon it will be possible to better model the U-Th-Pb system of this mineral with 
respect to such topics as the post-crystallization rehomogenization of zircon, the 
interaction of the radiogenic decay system with the non-radiogenic lead in the whole rock 
environment and the significance of trace elements and solid solution phenomena on the 
loss of radiogenic nuclei on a micrometer scale. 
D.3 Sample Description and Data Acquisition 
The project being described here had two specific aims. The first goal was to 
gain familiarity with the use of an electron probe to analyze geologic specimens at low 
detection limits for trace elements. The second goal was to do an initial study of zircon 
chemical variability within sub-zones of single growth zones of moderately complex 
grains as identified using both backscattered electron images and X-ray dot maps. Three 
specimens of granites from the western United States were used in this study. 
The Louis Lake Granodiorite: A massive, medium grained, leucocratic 
rock collected from the Wind River Range, Wyoming consisting of plagioclase, quartz, 
K-spar with biotite, hornblende and epidote. The zircon suite extracted from this 
specimen is dominated by euhedral, brown to reddish grains with well developed prisms 
and sharp pyramidal terminations with a somewhat turbid appearance. Morphologic 
cores are only rarely visible. Zircons from this locality have been dated at 2687 ± 15 Ma 
(Naylor et al., 1970). 
The Tishomingo Granite: A massive, medium grained intrusive rock 
collected form the Arbuckle Mountains of southeastern Oklahoma composed of rose 
colored K-spar, plagioclase, quartz and biotite. The zircon suite which was extracted 
from this sample is composed of clear, colorless zircons which are highly fractured. The 
zircons display only poorly developed crystal habits. No morphologic cores are visible. 
Zircons from this rock unit have been dated at 1374 ± 15 Ma (Bickford and Lewis, 
1979). 
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The Lone Grove Granite: A massive, coarsely crystalline granite from 
central Texas which is composed of pink K-spar, plagioclase, quartz and hornblende. 
The zircons which were extracted from this rock are clear, colorless and elongate only 
rarely showing well defined morphologic cores. All of the grains are highly fractured, 
but still show well developed euhedral crystal forms. A variety of minerals extracted 
from this unit have given Rb-Sr ages in the range of 1045 to 1020 Ma (Zartman, 1964). 
Zircons from each of the three samples were prepared for electron microprobe 
analysis. The first step in each case was to select a small number of grains on the sample 
mount which were to be analyzed in detail. Backscatter electron images were made of 
these grains using a special high contrast procedure technique developed by the staff of 
the Johnson Space Center. On each grain between one and nine locations were selected 
for analysis. Emphasis was placed on trying to identify the chemical origin of growth 
zonation and to investigate the nature of rare patches of chemically altered material which 
have overgrown the original igneous structure of some grains. 
D.4 Results 
The measured data for three major elements and four trace elements from the 
thirty-nine analyses are given in table D.2. The first important observation about these 
data are that the analyses all represent relatively clean, unaltered zircon indicated by in the 
total calculated percentages which are near to 100% in all cases. It therefore may be 
concluded that the determined chemical compositions, in general, reflect the original 
igneous composition of the grains. Only in cases where the above mentioned patches 
which cross growth zones might post-crystallization chemical modification be suspected. 
A comparison of the Hf/Zr ratio of the three suites (figure D.1) shows that a 
significant difference exists between them. In particular, the data from the Texas Lone 
Grove Granite have consistently higher Hf/Zr values relative to the other two suites. This 
presumably reflects differences in this ratio within the parent magmas of these zircon 
populations. Another important crystal-chemical comparison is for the presence of the 
solid solution substitution of the mineral xenotime (YP04) within the zircon lattice. This 
substance is isostructural with zircon which allows for a limited substitution up to a few 
weight percent between the two. A graph of YIP vs. Y203 concentration (figure D.2) 
shows that YIP is relatively constant over a wide range of Y values, but that the ratio of 
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the two elements is too high in order to be explained only by a simple substitution of 
xenotime within the zircon crystal lattice. The data show a consistently too high of inter-
element ratio, thereby implying that yttrium must also be present in the analyzed material 
in other phases besides pure xenotime. The fact that the ratio remains relatively flat 
(figure D.2A) suggests that fraction of the yttrium incorporated in xenotime is 
independent of the the measured yttrium concentration. 
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Figure D.1: Distribution histogram of the measured Hf{Zr ratios for the three suites of zircon being 
discussed in the text 
If Fe is taken to be the product solely of post-crystallization alteration then it 
provides a means of testing what fraction of the yttrium is primary magmatic in origin as 
opposed to having entered the zircon as a later alteration product. A comparison of the 
yttrium and iron concentrations is given in figure D.2B. Little correlation is seen 
between the two elements' concentration, which leads to conclusion that the yttrium 
measured in all three suites of zircon must be dominantly magmatic in its origin. 
An important, and until now little explored aspect of zircon geochemistry 
involves the presence of the rare earth elements within the mineral's lattice structure. As a 
part of this study data were collected for the heavy rare earth ytterbium. These data now 
allow for the testing of what phase ytterbium is related to. A comparison of the 
xenotime/zircon ratio against the measured ytterbium absolute concentration is given in 
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total 
FeO 
LL 1.1 light interior 66.30 1.28 32.28 0.128 ± 04 0.016 ± 2 0.033 ± 3 0.005 ± 1 100.0 
LL 1.2 light interior 65.55 1.28 32.14 0.157 ± 04 0.018 ± 2 0.035 ± 3 0.004 ± 1 99.17 
LL 1.3 dark interior 66.24 1.30 32.22 0.081 ± 04 0.005 ± 2 0.026 ± 3 0.004 ± 1 99.88 
LL 1.4 dark interior 66.01 1.30 32.37 0.048 ± 03 0.007 ± 2 0.017 ± 3 0.005 ± 1 99.76 
LL 1.5 dark exterior 65.98 1.24 32.36 0.055 ± 03 0.011 ± 2 0.013 ± 3 0.003 ± 1 99.67 
LL 1.6 light zoned 65.98 1.29 32.18 0.056 ± 03 0.007 ± 2 0.022 ± 3 0.013 ± 1 99.55 
LL 1.7 light interior 66.29 1.21 32.32 0.127 ± 04 0.016 ± 2 0.033 ± 3 0.006 ± 1 100.0 
LL 1.8 light interior 66.13 1.25 32.47 0.128 ± 04 O.ot8 ± 2 0.031 ± 3 0.003 ± 1 100.0 
LL 1.9 dark interior 66.06 1.27 32.43 0.052 ± 03 0.052 ± 3 0.016 ± 3 0.003 ± 1 99.83 
LL2.1 light interior 65.76 1.17 31.93 0.194± 05 0.041± 2 0.043± 3 0.008± 1 99.15 
LL 2.2 light interior 65.49 1.19 32.03 0.196 ± 05 0.041 ± 2 0.049 ± 3 0.012 ± 1 99.01 
LL2.3 light interior 66.17 1.16 31.98 0.218± 05 0.046± 2 0.052± 3 0.008± 1 99.64 
LL 2.4 light interior 66.02 1.13 31.96 0.211 ± 05 0.053 ± 2 0.044 ± 3 0.009 ± 1 99.43 
LL 2.5 dark exterior 65.28 1.22 32.12 0.048 ± 03 0.009 ± 2 0.019 ± 3 0.008 ± 1 98.71 
LL 2.6 dark exterior 65.37 1.20 32.22 0.053 ± 03 0.007 ± 2 0.014 ± 3 0.004 ± 1 98.88 
LL2.7 dark exterior 65.71 1.16 31.96 0.051± 03 0.009± 2 O.ot5± 3 0.012± 1 98.91 
LL2.8 dark exterior 65.60 1.19 32.44 0.053 ± 03 0.011±02 0.017 ± 03 0.003 ± 1 99.31 
LL3.1 light interior 66.13 1.37 31.87 0.041±03 0.007 ± 02 0.013 ± 03 0.003 ± 01 99.44 
Tis 1.1 light interior 65.45 0.92 31.98 0.765 ± 12 0.231±13 0.224 ± 14 0.085 ± 11 99.66 
Tis 1.2 dark interior 66.15 1.20 32.23 0.090 ± 04 0.025 ± 02 0.035 ± 03 0.021 ± 01 99.75 
Tis 1.3 dark exterior 66.03 1.24 32.22 0.072 ± 04 0.053 ± 02 0.031 ± 03 0.024 ± 01 99.68 
Tis 1.4 light interior 65.82 0.92 32.03 0.486 ± 08 0.202 ± 03 0.158 ± 04 0.021 ± 01 99.64 
Tis 2.1 light interior 65.25 0.97 32.07 0.892 ± 15 0.154 ± 13 0.222 ± 15 0.024 ± 12 99.59 
Tis 2.2 dark interior 65.83 1.17 32.36 0.019 ± 04 0.005 ± 03 0.010 ± 04 0.001 ± 01 99.39 
Tis 2.3 dark interior 65.74 1.01 32.12 0.236 ± 06 0.080 ± 03 0.072 ± 04 0.006 ± 02 99.27 
Tis 2.4 dark exterior 65.70 1.11 32.29 0.117 ± 05 0.032 ± 03 0.Q38 ± 04 0.005 ± 02 99.30 
Tis 3.1 dark interior 65.37 1.34 32.02 0.050 ± 04 0.027 ± 03 O.ot5 ± 04 0.009 ± 02 98.84 
Tis 3.2 dark interior 65.21 1.34 32.14 0.048 ± 04 0.023 ± 03 0.009 ± 04 0.001 ± 01 98.78 
Tis 3.3 light interior 64.86 1.37 32.27 0.050 ± 04 0.025 ± 03 O.ot5 ± 04 0.001 ± 01 98.60 
Tis 3.4 light interior 65.31 1.22 32.23 0.052 ± 04 0.018 ± 03 0.010 ± 04 0.005 ± 02 98.86 
LG 1.1 light exterior 65.37 1.48 32.09 0.079 ± 05 0.016 ± 03 0.031 ± 04 0.009 ± 02 99.07 
LG 2.1 It spot exterior 65.08 2.12 32.01 0.052 ± 04 0.007 ± 03 O.ot8 ± 04 0.003 ± 02 99.30 
LG 2.2 dark exterior 65.76 1.46 32.30 0.144 ± 05 0.041 ± 03 0.034 ± 04 0.004 ± 02 99.75 
LG 2.3 light zoned 65.54 1.45 32.14 0.211 ± 06 0.053 ± 03 0.058 ± 04 0.004 ± 02 99.46 
LG 2.4 dark interior 66.06 1.21 32.47 0.065 ± 05 0.034 ± 03 0.023 ± 04 0.006 ± 02 99.88 
LG 3.1 light exterior 65.02 1.68 32.39 0.152 ± 06 0.034 ± 03 0.052 ± 04 0.003 ± 02 99.34 
LG 3.2 dark zone 65.33 1.36 32.37 0.105 ± 05 0.030 ± 03 0.028 ± 04 0.001 ± 01 99.23 
LG 3.3 light 
LG 3.4 dark 
zone 65.54 1.38 32.28 
zone 65.86 1.28 32.32 
0.166 ± 06 0.057 ± 03 0.041 ± 04 0.003 ± 02 99.47 
0.097 ± 05 0.034 ± 03 0.020 ± 04 0.000 ± 00 99.62 
Measured data from the electron microprobe. Oxide concentrations are in weight percents. The indicated 
precisions are ls values. 'LL' indicates Louis Lake, 'Tis' indicates Tishomingo and 'LG' indicates Lone 
Grove samples. 
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figure D.2C. A very strong positive correlation is seen in the data between the Yb203 
content of the measured material and the Y/('h +Ht) value, and this correlation seems to 
be identical for each of the three zircon suites analyzed here. This is good evidence that 
the rare earth element concentration as reflected by ytterbium are a strong function of the 
amount of yttrium present in the lattice structure. Whether the ytterbium is incorporated 
in the xenotime structural units or is associated with the excess yttrium elsewhere in the 
zircon lattice cannot be determined 
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Figure D.2: Concentration diagrams as discussed in the text. The error bars indicated in diagram (A) 
represent one sigma errors as based on counting statistics during data acquisition. The horizontal line 
indicated in (A) represents the 1: 1 atom ratio of stoichiometric xenotime. 
As mentioned in the introduction, one of the objectives of this research is to look 
at the nature of the chemical changes which occur in zircon when it undergoes post-
crystallization alteration. Such alteration domains within the grains are identified by being 
discontinuous patches of material which run discordant to the growth zonation of the 
crystal as they appear either optically or in electron backscattered images. A total of three 
such magmatic-altered pairs were run. Each grain has its own characteristic relationship 
between the two materials, so it would not seem reasonable to group all three pairs 
together. Still, it is possible to start drawing some conclusions (figure D.3). 
In grain Louis Lake 1 there is a broad band of material which appears light 
colored in the backscattered electron photograph is contained within a uniformly black 
zone. Four analyses (LLl.1, 1.2, 1.7, 1.8) were conducted within the alteration zone 
and three (LLl.3, 1.4, 1.9) were conducted in the homogeneous surrounding zircon. 
The members of each of the two groups have been averaged. One observation which 
comes out of this process of averaging is that the multiple analyses indicate that both areas 
are quite homogeneous. 
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Figure D.3: Bar chart giving the ratio of the oxide concentration between altered zone and their 
corresponding magmatic growth zones. For the data from grain LL 1 their were multiple analyses in both 
the altered and magmatic zones. These values were averaged prior to forming the ratio. The term altered 
refers to light colored zones which appear to cross-cut the surrounding structure of the grain in the 
electron backscattered photographs. 
In grain Lone Grove 2 a circa 5 µm diameter patch of light colored material is 
visible in the electron backscattered image within an otherwise homogeneous grey 
pyramidal grain termination. A single analysis (LG 2.1) was made in the alter light 
colored zoned with a second analysis (LG 2.2) being made about 10 µm distant within 
the homogeneous grey material. 
In grain Lone Grove 3 a small, poorly defined region near the grain termination 
is visible in which the surrounding, well developed zonation is highly subdued. A single 
analysis (LG 3.3 ) was conducted in the region of subdued zonation and a second 
analysis (LG 3.2) was made on the equivalent growth zone approximately 30 µm distant. 
The results of this comparison of the altered and corresponding magmatic 
materials shows that the changes described above are not reflected in the major element 
chemistry of the grains. In the case of hafnium and the various trace elements variations 
are present It should be noted that in the case of the low concentration trace elements that 
large uncertainties exist in the calculated ratios. Nonetheless, these data indicate that the 
change in the bulk electron density as indicated by the electron backscattered photos is 
due to changes in the the concentrations of trace elements with the alteration causing 
changes in the abundances of the elements of on the order of 50% to 100%. 
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D.5 Concluding Remarks 
This study must be viewed as a preliminary look into the fine scale chemistry of 
zircons. Much more work is necessary before such questions as the mechanism for the 
introduction of rare earth elements into the zircon structure or the effects of trace elements 
on the U-Th-Pb isotopic system can be approached. It should be noted that relatively 
simple zircon populations were studied here, and that the whole issue of the effects of 
radiation damage on the alteration process have been avoided. Also, in the future it will 
be important to incorporate such electron probe data into ion probe studies so as to better 
understand the causes of discordance in zircons on a detailed scale. 
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The 1990 version of this thesis contained an additional major chapter. Due to time 
constraints during the rewriting process, this chapter was subsequently deleted from this 
revised version. This additional study involved an assemblage of heterogeneous 
gneisses, granites and metasediments located at Jillawarra Bore, within the Narryer 
Gneiss Complex. The zircon data from Jillawarra Bore are given here without comment. 
An interpretation of these data is presented as an extended abstract in Appendix C. 
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Table E.1 
Zircon Data from Sample 87-316 (Banded Gneiss) 
grain. u Th 238/206 207/206 7/6 204/206 4/6 % % age age 
spot error error comm cone (Ma) ratio 
87-316 Massive Zircon 
3.1 1751 2021 6.04 ± 12 0.540 ± 3 2.0 0.03034 ± 37 0.8 35.8 23 2814 ± 77 1.1 
4.1 388 432 2.06 ± 4 0.383 ± 5 3.5 0.00998 ± 51 2.1 11.8 68 3365 ± 56 2.3 
7.1 3368 22561 0.51 ± 21 0.721 ± 9 4.8 0.04468 ± 84 1.9 52.8 9 3119 ± 209 2.2 
8.1 448 205 2.66 ± 5 0.338 ± 3 2.2 0.00351 ± 34 2.1 4.1 57 3487 ± 31 2.1 
8.2 456 446 1.30 ± 3 0.309 ± 1 1.2 0.00016 ± 14 4.4 0.2 105 3506 ± 11 1.8 
13.1 955 778 2.02 ± 4 0.585 ± 2 2.0 0.03311 ± 26 0.8 39.1 57 2983 ± 51 1.1 
15.1 108 54 1.63 ± 4 0.333 ± 6 2.6 0.00184 ± 60 3.4 2.2 85 3543 ± 52 3.0 
18.11153 466 5.98 ± 12 0.492 ± 3 2.4 0.02338 ± 31 1.0 27.6 24 3124±50 1.2 
20.1 299 601 2.04 ± 4 0.354 ± 4 2.4 0.00606 ± 40 1.8 7.2 71 3430 ± 39 1.8 
21.1 352 564 1.71±4 0.336 ± 2 1.8 0.00502 ± 25 1.3 5.9 83 3386 ± 25 1.5 
22.1 300 730 1.48 ± 3 0.308 ± 4 2.7 0.00133 ± 37 3.8 1.6 95 3440 ± 34 3.4 
23.1 145 89 1.51 ± 3 0.296 ± 2 1.3 0.00050 ± 25 2.5 0.6 95 3422 ± 23 1.8 
24.1 546 577 1.57 ± 3 0.349 ± 4 3.0 0.00667 ± 38 2.1 7.9 89 3364 ± 39 2.3 
87-316 Zoned Zircon 
1.1 1475 1777 3.52 ± 7 0.560 ± 3 1.8 0.02942 ± 40 0.7 34.7 35 3148 ± 65 1.1 
2.1 1203 1794 4.34 ± 9 0.491 ± 5 3.4 0.02336 ± 49 1.4 27.6 32 3110 ± 80 1.7 
5.1 1348 1127 3.89 ± 8 0.630 ± 4 3.1 0.03543 ± 42 1.3 41.8 28 3209 ± 79 1.5 
6.1 1225 3063 4.21±8 0.600 ± 5 3.4 0.03292 ± 48 1.4 38.9 28 3172 ± 87 1.6 
9.1 486 370 1.71 ± 3 0.307 ± 2 1.6 0.00249 ± 16 1.6 2.9 86 3371 ± 16 1.6 
10.1 528 360 1.35 ± 3 0.313 ± 2 1.3 0.00130 ± 16 1.8 1.5 102 3471 ± 14 1.6 
11.1 537 293 1.49 ± 3 0.363 ± 3 3.2 0.01057 ± 31 1.7 12.5 93 3187 ± 39 2.0 
12.1 925 1462 2.70 ± 5 0.589 ± 4 2.8 0.03248 ± 36 1.2 38.4 43 3115 ± 69 1.4 
14.1 582 1176 1.95 ± 4 0.445 ± 5 4.4 0.01718 ± 50 2.1 20.3 67 3274 ± 66 2.4 
16.11547 689 5.65 ± 11 0.431 ± 7 4.5 0.01897 ± 67 1.9 22.4 28 3006 ± 110 2.3 
17.1 402 706 1.80 ± 4 0.332 ± 1 1.3 0.00312 ± 15 1.2 3.7 80 3476 ± 13 1.2 
19.2 659 536 1.60 ± 3 0.356 ± 2 1.4 0.00669 ± 16 1.0 7.9 86 3402 ± 16 1.1 
Ion microprobe data from sample 87-316 given by morphological group. U and Th concentrations are in 
ppm by weight. The uncertainties in the measured 238uf206pb ratios are based on the reproducibility of 
the U/Pb ratio of the associated measurements of the Sri Lankan standard. The measured 207pbf206pb 
and 204pbf206pb ratios give the observed error based on the scatter between the seven scans of the mass 
spectrum, but limited to not better than ion counting statistics based uncertainties. The columns for 7 /6 
and 4/6 error give the ratios between the observed and countin~ statistics-based errors for the given ratio. 
The % common 206pb, % concordant and radio~enic 207pb/2 6pb age are based on the observed 204pb 
contents and a common Pb composition of 04pb/206pb = 0.08466 and 207pb/206pb = 1.1520 
(Cumming and Richards (1975) model 3, 3.5 Ga common Pb). The quoted uncertainties in the radiogenic 
ages are based on an exact common Pb isotopic com~sition but include the propagation of the cited 
uncertainties in the 238ut206pb, 207Pb/206Pb and 04Pb/206pb ratios. 'Age ratio' gives the ratio 
between the quoted error in 207pb/206pb age and the error based on counting statistics alone. All errors 
are lcr and refer to the final digit(s) in the quoted value. 
Appendix E: Zircon Data from Jillawarra Bore 
224 
Table E.2 
Zircon Data from Sample 87-310 (Leucocratic Gneiss) 
grain. U 
spot 
Th 238/206 207/206 7/6 204/206 4/6 % % 
comm cone 
87-310 Massive Zircon 
1.1 208 273 1.60 ± 3 0.267 ± 1 
2.1 223 151 1.98±4 0.201±1 
3.1 248 71 1.71±4 0.240±6 
4.1 190 108 2.07±4 0.180±1 
4.2 535 355 1.79 ± 4 0.248 ± 1 
5.2 167 109 1.57±3 0.265±1 
6.1 174 115 2.03±4 0.182± 1 
7.1 383 101 1.73±4 0.239±1 
7.2 273 127 1.99 ± 4 0.188 ± 1 
7.3 177 95 2.09±4 0.183±1 
8.1 143 376 2.22 ± 5 0.202 ± 1 
9.1 173 118 1.78±4 0.246±1 
10.1 134 58 1.90±4 0.208±2 
12.1 370 86 1.68 ± 3 0.259 ± 1 
12.2 147 75 2.00 ± 4 0.189 ± 1 
13.1 288 125 2.06 ± 4 0.180 ± 1 
14.1 372 149 1.62±3 0.252± 1 
15.2 210 83 1.50 ± 3 0.271±1 
16.1 131 73 1.62 ± 3 0.253 ± 1 
18.1 201 185 1.53 ± 3 0.268 ± 1 
19.1 436 166 2.19 ± 4 0.254 ± 2 
20.1 225 105 2.01±4 0.178 ± 1 
87-310 Structured Zircon 
6.2 1845 1315 1.48 ± 3 0.280 ± 1 
9.2 566 486 1.97±4 0.322±2 
15.1 525 253 1.55±3 0.275±1 
87-310 Opaque Zircon 
5.1 594 148 2.43 ± 5 0.259 ± 2 
error error 
1.6 0.00016±11 3.1 
1.3 0.00018 ± 8 2.0 
8.6 0.00012 ± 51 18.1 
1.1 0.00022 ± 7 1.4 
0. 7 0.00064 ± 6 1.4 
1.0 0.00018 ± 11 3.3 
0.6 0.00033 ± 6 0.7 
2.0 0.00010 ± 10 5.4 
2.2 0.00011 ± 12 3.6 
1.6 0.00024 ± 11 2.2 
0.9 0.00109 ± 13 0.6 
1.3 0.00101 ± 18 1.9 
1.9 0.00034 ± 16 2.7 
1.9 0.00020 ± 33 11.8 
1.6 0.00006 ± 12 2.9 
1.2 0.00008 ± 6 2.3 
1.5 0.00009 ± 8 4.8 
0.8 0.00023 ± 6 1.7 
1.1 0.00016±9 1.9 
1.4 0.00006 ± 10 4.0 
2.6 0.00385 ± 14 1.2 
1.4 0.00014 ± 7 2.3 
0.2 96 
0.2 93 
0.2 95 
0.3 96 
0.8 91 
0.2 97 
0.4 98 
0.1 94 
0.1 96 
0.3 95 
1.3 87 
1.2 92 
0.4 95 
0.2 93 
0.1 96 
0.1 96 
0.1 97 
0.3 99 
0.2 97 
0.1 99 
4.7 80 
0.2 99 
4.4 0.00025 ± 10 
3.2 0.00965 ± 16 
2.2 0.00038 ± 10 
9.0 0.3 99 
1.1 11.0 81 
3.8 0.4 97 
3.3 0.00513 ± 16 1.4 6.3 74 
10.2 974 1318 4.69±9 0.452±6 5.1 0.02463 ±47 1.3 30.1 37 
11.11081 200 1.81 ±4 0.248 ± 1 1.6 0.00158 ± 6 1.2 1.9 92 
13.2 726 1632 3.42 ± 7 0.311 ± 2 3.7 0.01233 ± 21 1.1 15.1 57 
17 .1 245 121 2.00 ± 4 0.225 ± 2 2.3 0.00168 ± 14 1.5 2.0 90 
age 
(Ma) 
3277 ± 11 
2816 ± 12 
3113 ± 62 
2631 ± 12 
3129 ± 6 
3264 ± 11 
2633 ± 10 
3105 ± 12 
2713 ± 20 
2657 ± 18 
2737 ± 18 
3085 ± 19 
2861 ± 24 
3227 ± 30 
2730 ± 18 
2643 ± 9 
3191 ± 9 
3299 ± 6 
3193 ± 10 
3289 ± 10 
2909 ± 20 
2615 ± 13 
3348 ± 10 
2927 ± 25 
3313 ± 10 
2824 ± 25 
age 
ratio 
2.2 
1.5 
12.4 
1.3 
1.2 
1.8 
1.0 
3.0 
2.9 
1.8 
1.0 
1.7 
2.4 
6.0 
2.0 
1.5 
2.2 
1.2 
1.4 
2.0 
1.4 
1.6 
5.0 
1.4 
3.3 
1.7 
2400 ± 138 1.6 
3052 ± 7 1.4 
2489 ± 47 1.3 
2872 ± 20 1.7 
The % common 206pb, % concordant and radiogenic 207pb;206pb a,r,e have been calculated using a 
common lead with a composition of 204pb;206pb = 0.08143 and 20 Pbf206pb = 1.1377 (Cumming 
and Richards (1975) 3.3 Ga). See notes at bottom of table E.1 for further explanation. 
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Table E.3 
Zircon Data from Sample 87-309 (Leucocratic Mylonite) 
grain. U 
spot 
Th 238/206 207/206 7/6 204/206 
error 
87-309 Overgrowth Zircon 
1.1 111 87 2.10 ± 5 0.184 ± 4 1.8 0.00160 ± 30 
2.1 260 85 1.78±4 0.235±1 0.4 0.00057±7 
4.1 171 64 1.62 ± 3 0.248 ± 2 1.7 0.00036 ± 12 
5.1 80 634 2.26±5 0.200±5 2.5 0.00189±45 
6.1 106 7 8 1.92 ± 4 0.202 ± 2 1.1 0.00113 ± 14 
7 .1 160 77 1.73 ± 4 0.247 ± 1 1.0 0.00084 ± 13 
8.1 585 175 2.37±5 0.245±2 2.1 0.00710±16 
9.1 135 90 1.92±4 0.179±2 1.5 0.00089±18 
12.1 143 
14.2 211 
15.1 163 
16.1 184 
18.2 181 
19.1 35 
21.1 184 
25 .1 81 
53 1.93 ± 4 0.210 ± 3 2.0 0.00111 ± 23 
94 1.89 ± 4 0.208 ± 3 2.2 0.00097 ± 16 
132 1.97 ± 4 0.185 ± 2 1.4 0.00086 ± 16 
124 1.97 ± 4 0.181 ± 2 1.5 0.00037 ± 14 
119 1.98 ± 4 0.175 ± 4 3.9 0.00038 ± 15 
78 2.02 ± 5 0.188 ± 11 4.1 0.00150 ± 91 
143 2.01 ± 4 0.180 ± 2 1. 7 0.00030 ± 16 
135 1.95±4 0.185±3 1.7 0.00091±27 
87-309 Interiors 
1.2 768 311 2.86±6 0.319±4 
2.2 410 130 2.55 ± 6 0.395 ± 5 
4.2 451 689 1.94 ± 4 0.378 ± 4 
5.2 314 69 1.74 ± 4 0.248 ± 2 
7.2 1824 199 1.70±3 0.229±2 
8.2 320 1030 2.78 ± 6 0.266 ± 3 
9.2 163 58 1.64 ± 3 0.240 ± 2 
11.1 680 221 2.08 ± 4 0.253 ± 2 
13.1 630 505 2.58±5 0.354±3 
14.1 321 171 1.93±4 0.274±1 
18.1 648 47 1.61 ± 3 0.270 ± 2 
23.1 904 597 3.59 ± 7 0.340 ± 4 
26.1 397 162 1.48±3 0.266±1 
27.1 904 174 2.19±4 0.472±5 
27 .2 640 344 2.67 ± 5 0.302 ± 3 
87-309 Colorless 
3.1 940 7792 
10.1 187 124 
20.1 344 228 
22.1 126 89 
24.1 656 101 
Zircon 
6.09 ± 12 0.397 ± 8 
2.11 ± 4 0.174 ± 2 
1.53 ± 3 0.270 ± 2 
1.99 ± 4 0.236 ± 4 
2.04 ± 4 0.188 ± 1 
87-309 Mixed Analysis 
3.2 0.01241 ± 25 
1.7 0.01575 ± 61 
3.6 0.01190 ± 42 
1.8 0.00075 ± 36 
4.6 0.00161 ± 16 
3.0 0.00682 ± 30 
1. 7 0.00080 ± 21 
2. 8 0.00610 ± 17 
3.0 0.01314 ± 27 
1. 0 0.00256 ± 24 
2. 9 0.00136 ± 17 
3.3 0.01348 ± 31 
1.2 0.00018 ± 17 
4.8 0.02444 ± 44 
3.2 0.00771 ± 27 
5 .1 0.01890 ± 66 
1.4 0.00099 ± 15 
1.8 0.00035 ± 15 
2.6 0.00536 ± 34 
2.0 0.00089 ± 10 
4/6 
error 
1.5 
0.6 
1.8 
1.8 
1.0 
1.4 
0.9 
1.5 
2.0 
1.6 
1.6 
2.2 
2.1 
2.6 
2.7 
1.6 
% % 
comm cone 
2.0 98 
0.7 94 
0.4 98 
2.3 88 
1.4 98 
1.0 94 
8.7 86 
1.1 105 
1.4 95 
1.2 97 
1.1 101 
0.4 101 
0.5 102 
1.8 100 
0.4 99 
1.1 102 
0.9 15.2 65 
0.7 19.3 60 
2.0 14.6 74 
5.5 0.9 93 
4.5 2.0 101 
1.5 8.4 68 
2.4 1.0 100 
1.5 7.5 89 
1.3 16.1 63 
2.2 3.1 83 
3.5 1.7 95 
1.4 16.6 51 
6.5 0.2 101 
1.8 30.0 66 
1.7 9.5 64 
1.9 
1.4 
4.3 
1.3 
2.2 
23.2 30 
1.2 100 
0.4 99 
6.6 96 
1.1 97 
age 
(Ma) 
age 
ratio 
2510 ± 58 1.6 
3041 ± 12 1.0 
3148 ± 19 1.7 
2631 ± 79 2.0 
2735 ± 23 1.0 
3108±15 1.2 
2450 ± 33 1.2 
2537 ± 33 1.5 
2801 ± 36 2.0 
2799 ± 31 1.9 
2604 ± 27 1.5 
2618 ± 24 1.8 
2559 ± 48 3.2 
2560 ± 170 2.9 
2624 ± 28 2.2 
2599 ± 48 1.7 
2573 ± 60 1.8 
2962 ± 92 1.1 
3173 ± 55 2.2 
3117 ± 36 4.0 
2914 ± 23 4.6 
2711 ± 53 1.8 
3063 ± 27 2.1 
2667 ± 30 1.7 
2856±47 1.6 
3162 ± 24 1.8 
3221±19 3.2 
2665 ± 61 1.6 
3270±16 2.7 
2717 ± 102 2.2 
2938 ± 40 1.9 
2590 ± 152 
2474 ± 29 
3287 ± 16 
2586 ± 66 
2635 ± 18 
2.3 
1.4 
2.7 
1.6 
2.2 
6.2 664 133 2.90 ± 6 0.354 ± 4 3.4 0.01475 ± 34 1.3 18.1 60 2663 ± 70 1.6 
The % common 206pb, % concordant and radiogenic 207pbf206pb age have been calculated using a 
common Pb with a composition of 204Pbf206pb = 0.08143 and 207pbf206pb = 1.1377 (Cumming and 
Richards (1975) 3.3 Ga). See notes at bottom of table E.1 for further explanation. 
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Table E.4 
Zircon Data from Sample 87-318 (Nebulitic Gneiss) 
grain. U 
spot 
Th 238/206 
87-318 Massive Zircon 
207 /206 7 /6 204/206 
error 
4/6 
error 
% % 
comm cone 
age 
(Ma) 
age 
ratio 
1.1 379 126 1.82 ± 4 0.183 ± 1 0.8 0.00018 ± 11 4.1 0.2 106 2664 ± 15 2.5 
3.1 169 143 2.06 ± 5 0.182 ± 1 1.3 0.00041 ± 10 1.3 0.5 97 2625 ± 17 1.3 
4.1 255 79 2.20 ± 5 0.181 ± 1 0.9 0.00038 ± 6 0.9 0.5 92 2622 ± 11 1.0 
6.1 488 495 1.88 ± 4 0.332 ± 2 2.3 0.00780 ± 16 0.9 9.5 80 3167 ± 20 1.2 
7.2 367 250 2.27 ± 5 0.189 ± 1 1.7 0.00030 ± 10 2.3 0.4 87 2703 ± 16 2.0 
11.1 444 332 1.51±3 0.307±4 7.0 0.00426±39 3.8 5.2 96 3254±44 4.4 
12.2 283 4926 1.96 ± 4 0.314 ± 3 4.0 0.00518 ± 31 2.0 6.3 78 3237 ± 35 2.2 
13.1 562 
16.1 358 
24.1 104 
27.1 469 
28.2 149 
29.2 485 
31.1 306 
133 1.73 ± 4 0.293 ± 2 4.7 0.00259 ± 22 
94 2.04 ± 4 0.181 ± 1 0.5 0.00006 ± 2 
189 2.09 ± 5 0.230 ± 3 2. 7 0.00426 ± 23 
91 2.02 ± 5 0.188 ± 1 1.2 0.00058 ± 4 
250 2.13 ± 5 0.211 ± 3 2.8 0.00265 ± 24 
529 1.47±4 0.356±2 3.5 0.00884±17 
162 2.04 ± 5 0.181 ± 1 1.0 0.00012 ± 5 
87-318 Pale Zircon 
5.1 418 644 1.72±4 0.451±4 4.5 0.01573±38 
14.1 764 5012 1.61±4 0.690 ± 3 4.5 0.04229 ± 28 
15.1 88 795 2.09 ± 5 0.203 ± 2 1.7 0.00231 ± 18 
18.1 343 1645 2.07 ± 5 0.263 ± 2 2.9 0.00611 ± 17 
20.1 659 2713 1.28 ± 3 0.786 ± 11 14.3 0.04727 ± 32 
20.2 1178 6342 1.82 ± 4 0.930 ± 6 8.8 0.05943 ± 69 
21.1 556 1788 1.18 ± 3 0.650 ± 3 3.9 0.03704 ± 22 
23.1 224 177 1.49±4 0.314±1 1.1 0.00183±8 
25.1 613 420 2.13 ± 5 0.500 ± 8 11.6 0.02078 ± 73 
30.1 342 104 2.13 ± 5 0.196 ± 1 2.5 0.00124 ± 13 
30.2 1273 1053 4.22 ± 10 0.620 ± 10 10.4 0.03072 ± 94 
87-318 Dark or Opaque Zircon 
3.1 3.2 87 
1.0 0.1 97 
1.1 5.2 91 
1.2 0.7 97 
1.4 3.2 91 
1.4 10.8 94 
2.1 0.1 97 
1.6 19.1 73 
1.2 51.4 58 
0.9 2.8 94 
1.1 7.4 86 
1.3 48.9 54 
3.0 70.9 25 
0.9 45.1 78 
1.0 2.2 95 
3.9 25.3 57 
1.7 1.5 92 
3.4 37.4 25 
1.2 423 1426 1.44 ± 3 0.356 ± 2 
2.1 624 1597 1.10 ± 2 0.702 ± 2 
4.2 340 245 1.35 ± 3 0.418 ± 1 
2.6 0.00579 ± 17 1.3 6.9 93 
3.3 0.04150 ± 147 6.2 50.5 75 
7.1 1282 1624 4.08±9 
8.1 500 182 1.36 ± 3 
8.2 194 168 1.38 ± 3 
9.1 1030 535 0.91±2 
9.2 1556 373 1.38 ± 3 
10.1 380 1248 1.51±3 
11.2 399 106 1.47 ± 3 
13.2 621 1547 2.49 ± 5 
16.2 738 991 3.39 ± 7 
17.1 343 825 1.28 ± 3 
19.1 471 1094 1.35 ± 3 
0.668 ± 6 
0.205 ± 4 
0.401 ± 3 
0.802 ± 3 
0.460 ± 2 
0.575 ± 5 
0.236 ± 1 
0.550 ± 2 
0.485 ± 2 
0.564 ± 3 
0.563 ± 4 
1.4 0.00108 ± 18 
4.8 0.03947 ± 53 
3. 7 0.00079 ± 34 
2.4 0.00947 ± 31 
5.0 0.05073 ± 30 
5.4 0.01851 ± 16 
5.0 0.02898 ± 48 
2.1 0.00012 ± 10 
2.0 0.02624 ± 24 
3.0 0.02163 ± 25 
3. 9 0.02984 ± 30 
5.0 0.02797 ± 38 
3.0 1.2 90 
1.3 48.0 25 
2.9 1.0 126 
1.0 11.3 91 
1.4 50.1 69 
1.8 22.5 88 
1.5 35.2 70 
4.7 0.1 108 
0.6 31.9 47 
0.9 26.3 40 
1.2 36.3 84 
1.6 34.0 78 
3280 ± 24 
2659 ± 5 
2648 ± 42 
2660 ± 7 
2649 ± 42 
3250 ± 20 
2651±8 
3.4 
1.0 
1.3 
1.2 
1.6 
1.7 
1.3 
3401±45 2.0 
2873 ± 86 1.5 
2613±31 1.1 
2758 ± 28 1.3 
3466 ± 150 6 .8 
3785 ± 184 4.0 
3143 ± 50 1.3 
3442 ± 7 1.0 
3373 ± 96 4.8 
2668 ± 22 2.0 
3503 ± 136 4.1 
3450 ± 17 
3173 ± 279 
3941±10 
3026 ± 132 
2790 ± 53 
3489 ± 32 
3175 ± 92 
3248 ± 22 
3274 ± 79 
3084 ± 12 
3309 ± 32 
3176 ± 38 
3071±57 
3265 ± 61 
1.5 
6.3 
2.5 
1.7 
3.1 
1.3 
5.4 
2.2 
1.9 
3.0 
1.1 
1.2 
1.5 
1.9 
(table E.4 continued ... ) 
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(table E.4 continued) 
grain. u Th 238/206 207/206 7/6 204/206 4/6 % % age age 
spot error error comm cone (Ma) ratio 
22.1 528 804 1.82 ± 5 0.449 ± 3 3.5 0.01877 ± 24 1.1 22.8 73 3135±37 1.4 
22.2 549 4084 1.15±3 0.812 ± 6 7.2 0.04602 ± 63 2.6 52.7 55 3869 ± 97 3.6 
24.2 446 408 2.54 ± 6 0.450 ± 5 6.0 0.01910 ± 47 1.9 23.2 54 3121 ± 73 2.4 
26.1 423 212 1.52 ± 4 0.286 ± 2 3.1 0.00170 ± 14 2.5 2.1 97 3290 ± 15 2.5 
26.2 1128 769 3.63 ± 9 0.621 ± 2 3.0 0.03526 ± 24 0.9 42.9 31 3025 ± 50 1.2 
27.2 931 367 3.18 ± 8 0.500 ± 2 3.8 0.02138 ± 21 1.2 26.0 40 3322 ± 29 1.5 
28.1 1440 1302 2.99 ± 7 0.768 ± 8 9.0 0.04475 ± 77 2.8 46.3 26 3550 ± 147 6.4 
28.3 1256 1150 1.85 ± 4 0.879 ± 7 11.7 0.05538 ± 72 3.7 66.1 29 3614 ± 186 5.0 
28.4 622 1631 1.21 ± 3 0.660 ± 9 15.4 0.03890 ± 73 3.9 47.3 77 2997 ± 189 5.2 
29.1 704 4947 1.27 ± 3 0.868 ± 7 9.4 0.05422 ± 74 3.0 64.7 42 3627 ± 180 4.0 
32.1 363 527 1.69 ± 4 0.333 ± 4 7.4 0.00952 ± 38 2.7 11.6 90 3029 ± 55 3.2 
The % common 206pb, % concordant and radiogenic 207pbJ206pb age have been calculated using a 
common Pb with a composition of 204pbJ206pb = 0.08143 and 207pbJ206pb = 1.1377 (Cumming and 
Richards (1975) 3.3 Ga). See notes at bottom of table E.1 for further explanation. 
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Table E.5 
Zircon Data from Sample 87-313 
(Leucocratic Lithology with Relict Banding or Foliation) 
grain. U 
spot 
Th 238/206 207 /206 7 /6 204/206 4/6 % % 
comm cone 
87-313 Overgrowth Zircon 
1.1 190 665 1.78 ± 6 0.273 ± 2 
2.2 132 91 1.87±6 0.195±1 
4.1 760 629 1.18 ± 4 0.716 ± 1 
5.1 155 124 1.79 ± 6 0.188 ± 1 
6.2 492 261 1.43 ± 5 0.267 ± 1 
7.1 134 100 1.88±6 0.195±2 
8.1 145 112 1.78±6 0.186±2 
9.1 225 733 1.73±6 0.316±2 
10.1 960 664 0.72 ± 2 0.937 ± 1 
11.1 152 145 2.05±7 0.204±2 
12.1 156 338 1.71 ± 6 0.251 ± 1 
13.1 157 287 1.76 ± 6 0.213 ± 2 
14.1 845 227 1.44 ± 5 0.292 ± 1 
15.1 251 623 1.72±6 0.229±2 
18.1 155 1161 1.41 ± 5 0.518 ± 2 
20.1 148 1180 1.82±6 0.354±2 
21.1 140 125 1.83±6 0.210± 1 
23.1 319 62 1.55±5 0.256± 1 
24.1 131 109 1.97±7 0.195±2 
25.1 668 300 1.39 ± 4 0.350 ± 1 
28.1 162 369 2.01 ± 7 0.221 ± 2 
29.1 97 68 2.02±7 0.205±2 
30.1 405 105 1.88±6 0.213±1 
31.1 125 131 1.92 ± 7 0.200 ± 2 
32.1 146 104 2.02 ± 7 0.198 ± 2 
34.1 102 87 2.01±7 0.210±2 
36.1 123 86 2.00 ± 7 0.198 ± 2 
37.1 146 103 1.95±7 0.192±2 
87 -313 Interiors 
1.2 893 4526 1.21 ± 4 0.861 ± 1 
2.1 343 797 1.68 ± 6 0.347 ± 1 
3.2 852 1941 0.64±2 0.932±1 
4.2 104 126 1.89 ± 6 0.204 ± 2 
6.1 486 224 1.39 ± 4 0.263 ± 1 
9.2 329 310 1.22 ± 4 0.543 ± 2 
11.21095 977 0.98 ± 3 0.975 ± 1 
12.2 505 909 0.90 ± 3 0.689 ± 1 
14.2 692 527 1.30 ± 4 0.298 ± 1 
16.1 535 357 1.72 ± 6 0.621±1 
17.1 651 877 0.64±2 0.894±1 
error 
3.9 0.00741 ± 61 
1.2 0.00052 ± 14 
3.6 0.04129 ± 32 
2.9 0.00061 ± 31 
2.1 0.00026 ± 15 
2.3 0.00106 ± 32 
2. 7 0.00065 ± 36 
3.5 0.00935 ± 49 
3.4 0.06144 ± 32 
2.0 0.00207 ± 28 
1.2 0.00517 ± 23 
2.3 0.00185 ± 38 
1.2 0.00187 ± 16 
6.9 0.00332 ± 33 
5.2 0.02742 ± 91 
1.8 0.01448 ± 44 
1.2 0.00076 ± 14 
1.6 0.00033 ± 14 
2.0 0.00059 ± 26 
2.3 0.00793 ± 18 
1.3 0.00248 ± 26 
2.3 0.00215 ± 44 
2.6 0.00059 ± 21 
2.1 0.00055 ± 29 
1. 6 0.00077 ± 26 
3.0 0.00202 ± 54 
1.4 0.00119 ± 24 
2.2 0.00108 ± 30 
error 
2.1 9.1 98 
1.5 0.6 100 
1.6 50.7 67 
3.0 0.7 107 
5.0 0.3 104 
1.9 1.3 102 
3.0 0.8 108 
1.7 11.5 92 
1.5 75.5 53 
1.4 2.5 95 
0.6 6.3 102 
1.7 2.3 103 
1.2 2.3 101 
1.5 4.1 104 
2.0 33.7 87 
0.7 17.8 89 
1.4 0.9 98 
4.2 0.4 100 
2.4 0.7 96 
1.4 9.7 98 
0.9 3.0 92 
1.6 2.6 96 
3.0 0.7 95 
2.9 0.7 97 
1.9 0.9 94 
1.9 2.5 94 
1.2 1.5 96 
2.2 1.3 100 
2.9 0.05505 ± 35 1.2 67.6 45 
2. 7 0.00940 ± 29 1.4 11.5 8 6 
2.9 0.06105 ± 28 1.2 75.0 60 
1.5 0.00013 ± 25 2.6 0.2 96 
1.4 0.00028 ± 26 8.4 0.3 107 
2.6 0.02490 ± 37 1.2 30.6 86 
3.3 0.06457 ± 38 1.6 79.3 33 
3.7 0.03886 ± 39 1.6 47.7 88 
2.0 0.00028 ± 13 7 .1 0.4 106 
3.8 0.03283 ± 45 1.6 40.3 58 
4.8 0.05675 ± 102 4.1 69.7 69 
age 
(Ma) 
2711 ± 85 
2734 ± 22 
3380 ± 53 
2663 ± 42 
3271±13 
2679 ± 44 
2640 ± 49 
2901 ± 62 
3578 ± 93 
2648 ± 41 
2747 ± 33 
2753 ± 50 
3316 ± 16 
2745 ± 44 
2854 ± 158 
2691 ± 72 
2836 ± 19 
3201 ± 14 
2723 ± 35 
3279 ± 18 
2764 ± 37 
2652 ± 63 
2880 ± 25 
2776 ± 39 
2736 ± 37 
2715 ± 73 
2687 ± 37 
2642 ± 43 
3386 ± 89 
3146±32 
3541 ± 82 
2845 ± 32 
3247 ± 23 
3372 ± 44 
3715 ± 118 
3364 ± 61 
3444 ± 10 
3317 ± 63 
3639 ± 226 
age 
ratio 
1.9 
1.3 
1.5 
2.3 
2.6 
1.6 
2.3 
1.6 
1.4 
1.3 
1.0 
1.6 
1.1 
1.4 
1.9 
1.0 
1.2 
2.0 
1.8 
1.3 
1.0 
1.5 
2.1 
1.9 
1.5 
1.7 
1.2 
1.8 
1.2 
1.4 
1.2 
1.7 
3.8 
1.1 
1.6 
1.5 
2.5 
1.5 
3.8 
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(table E.5continued) 
grain. u Th 238/206 207 /206 7/6 204/206 4/6 % % age age 
spot error error comm cone (Ma) ratio 
22.2 548 198 1.43 ± 5 0.266 ± 1 1.8 0.00037 ± 13 4.0 0.4 104 3262 ± 12 2.4 
26.1 531 504 0.98 ± 3 0.720 ± 1 7.8 0.03984 ± 143 6.0 48.9 76 3570 ± 197 5.6 
29.2 132 265 1.49 ± 5 0.407 ± 3 2.2 0.00933 ± 62 1.4 11.5 85 3534 ± 52 1.3 
33.1 456 2295 1.07 ± 4 0.755 ± 2 1.6 0.04332 ± 38 0.7 53.2 65 3575 ± 59 1.0 
35.1 812 79 1.35 ± 4 0.583 ± 1 8.4 0.03251 ± 87 3.3 39.9 81 2936 ± 156 3 .1 
36.2 437 251 1.06 ± 4 0.383 ± 2 3.1 0.00891 ± 54 2.0 10.9 115 3420 ± 48 1.8 
87-313 Mixed Analysis 
3.1 247 804 1.19 ± 4 0.600 ± 2 4.2 0.03369 ± 44 1.1 41.4 86 2989 ± 80 1.1 
The % common 206pb, % concordant and radiogenic 207pbf206pb age have been calculated using a 
common lead with a composition of 204pbf206pb = 0.08143 and 207pbf206pb = 1.1377 (Cumming 
and Richards (1975) 3.3 Ga). See notes at bottom of table E.1 for further explanation. 
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Table E.6 
Zircon Data from Sample 87-315 (Leucocratic 'Total Melt') 
grain. U 
spot 
Th 238/206 207 /206 7 /6 204/206 
error 
4/6 
error 
% % 
comm cone 
87-315 Massive Zircon 
2.1 385 124 1.91±5 0.186±1 
3.2 229 59 2.15 ± 6 0.195 ± 2 
6.2 142 121 2.00 ± 5 0.215 ± 5 
6.3 354 89 2.00 ± 4 0.280 ± 4 
10.2 149 137 2.00 ± 5 0.178 ± 5 
10.3 171 164 1.96±4 0.183±2 
11.2 182 78 2.80±7 0.205±5 
12.1 385 67 1.86±5 0.182± 1 
13.1 164 165 1.92 ± 5 0.200 ± 4 
15.1 466 127 1.86±4 0.184±4 
16.1 151 149 1.84±4 0.190±2 
17.1 101 84 1.97 ± 4 0.200 ± 3 
18.1 97 92 2.13 ± 5 0.213 ± 4 
19.1 153 93 2.00±4 0.183±2 
19.2 1621 242 2.83 ± 6 0.631 ± 3 
20.1 151 
20.2 233 
21.1 123 
21.3 107 
22.1 926 
23.1 125 
24.1 533 
25.11160 
26.1 161 
27 .1 237 
28.1 290 
29.1 134 
30.2 365 
31.2 97 
32.1 112 
33.1 202 
35.1 429 
37.1 339 
118 1.83±4 0.181±5 
72 2.51 ± 5 0.280 ± 6 
148 1.93 ± 4 0.185 ± 4 
104 1.98 ± 4 0.185 ± 1 
138 1.92 ± 4 0.184 ± 1 
104 1.91±4 0.186 ± 3 
103 1.88 ± 4 0.195 ± 1 
459 2.18 ± 4 0.733 ± 4 
89 1.86 ± 4 0.182 ± 3 
67 1.95 ± 4 0.253 ± 5 
91 1.86 ± 4 0.261 ± 2 
77 1.93 ± 4 0.182 ± 1 
122 1.94 ± 4 0.184 ± 1 
102 1.94 ± 4 0.191 ± 2 
116 2.02 ± 4 0.179 ± 1 
7 1.98 ± 4 0.175 ± 1 
73 1.94 ± 4 0.184 ± 1 
72 3.32 ± 7 0.230 ± 2 
87-315 Zoned Zircon 
1.1 1219 181 3.92 ± 10 0.560 ± 6 
4.1 319 112 1.97±5 0.192±1 
5.1 683 99 1.93 ± 5 0.394 ;f: 3 
6.1 3169 312 3.98±10 0.858±2 
7.1 1397 197 4.86 ± 13 0.411 ± 2 
8.1 1824 218 2.48 ± 6 0.968 ± 6 
9.1 276 76 2.38 ± 6 0.221 ± 7 
11.11241 177 1.51±4 0.693±5 
14.11260 111 3.00±8 0.562±3 
1.2 0.00001 ± 9184.0 0.1 101 
1.5 0.00157 ± 17 1.2 2.1 92 
2.9 0.00391 ± 40 1.6 5.3 99 
4.4 0.00844 ± 29 
3 .1 0.00121 ± 38 
1.6 0.00026 ± 12 
2.6 0.00203 ± 41 
1.3 0.00006 ± 10 
2.6 0.00167 ± 30 
1.6 0.00009 ± 12 
0. 7 0.00055 ± 13 
1.5 0.00168 ± 23 
1. 9 0.00286 ± 28 
1.2 0.00068 ± 16 
2.6 0.03743 ± 26 
1.4 11.5 90 
2.6 1.6 104 
1.8 0.4 100 
1.9 2.8 72 
4.2 0.1 104 
2.0 2.3 101 
4.9 0.1 103 
0.8 0.8 104 
1.2 2.3 98 
1.0 3.9 91 
1.3 0.9 100 
0.9 51.0 41 
2.6 0.00100 ± 25 1.5 1.4 110 
3.3 0.00870 ± 48 1.4 11.9 75 
2.3 0.00167 ± 34 1.8 2.3 106 
1.0 0.00051 ± 12 0.8 o. 7 99 
1.0 0.00013 ± 6 2.8 0.2 101 
1.6 0.00025 ± 24 3.3 0.3 101 
1.1 0.00122 ± 9 1.0 1.7 102 
2.8 0.04508 ± 34 1.0 61.5 40 
1.8 0.00000 ± 25 <20 
5.8 0.00596 ± 42 2.1 
2.9 0.00692 ± 19 0.9 
1.0 0.00042 ± 8 0.8 
1.4 0.00027 ± 7 1. 9 
0.1 104 
8.1 94 
9.4 98 
0.6 102 
0.4 101 
1. 7 0.00102 ± 15 1.1 1.4 100 
1.2 0.00033 ± 9 1.1 0.4 99 
0.8 0.00029 ± 5 1.0 0.4 103 
0.9 0.00014 ± 4 1.5 0.2 100 
1.9 0.00380 ± 18 0.8 5.2 60 
4.8 0.03163 ± 45 
1.0 0.00080 ± 9 
2.8 0.01794 ± 22 
2.0 0.05545 ± 25 
1. 8 0.01998 ± 23 
5.6 0.06119 ± 64 
4.7 0.00335 ± 54 
4. 9 0.04253 ± 37 
3.0 0.03238 ± 24 
1.7 43.1 35 
1.2 1.1 98 
1.0 24.5 83 
0.7 75.6 15 
0.6 27.2 37 
2.8 83.4 11 
2.9 4.6 82 
1.7 58.0 65 
1.1 44.2 46 
age 
(Ma) 
2703 ± 15 
2616 ± 32 
2521 ± 82 
2612 ± 60 
2489 ± 77 
2650 ± 21 
2653 ± 74 
2664 ± 17 
2644 ± 55 
2675 ± 22 
2687 ± 23 
2650 ± 42 
2634 ± 55 
2599 ± 30 
2483 ± 101 
age 
ratio 
1.9 
1.3 
1.8 
1.7 
2.8 
1.6 
2.1 
1.9 
2.1 
2.4 
1.0 
1.3 
1.2 
1.2 
1.2 
2542 ± 61 1.9 
2584 ± 102 1. 7 
2497 ± 70 1.9 
2637 ± 21 1.0 
2671±10 1.4 
2683 ± 42 2.2 
2651±16 1.1 
2645 ± 157 1.2 
2667 ± 44 2.8 
2649 ± 80 2.6 
2612 ± 38 1.2 
2629 ± 14 1.0 
2655 ± 12 1.7 
2637 ± 27 1.2 
2609 ± 17 1.1 
2567 ± 11 1.0 
2673 ± 7 1.2 
2686 ± 30 1.1 
2518 ± 158 2.0 
2674 ± 15 1.1 
2569 ± 56 1.3 
2552± 175 1.0 
2454 ± 56 1.1 
3923 ± 263 3.0 
2653 ± 101 3 .4 
2444 ± 184 2.1 
2381±93 1.3 
(table E.6 continued ... ) 
Appendix E: Zircon Data from Jillawarra Bore 
231 
(table E.6 continued) 
grain. u Th 238/206 207/206 7/6 204/206 4/6 % % age age 
spot error error comm cone (Ma) ratio 
17 .2 2662 193 5.28 ± 11 0.841 ± 6 3.4 0.05427 ± 51 1.2 74.0 13 2465 ± 412 1.4 
18.2 4160 192 5.50 ± 1 0.878 ± 2 2.0 0.05742 ± 26 0.7 78.3 11 2307 ± 249 1.0 
22.2 1172 230 1.75 ± 4 0.235 ± 1 1.7 0.00427 ± 10 1.0 5.8 104 2675 ± 18 1.1 
30.1 3255 156 2.16 ± 4 0.920 ± 6 13.4 0.05943 ± 52 3.7 81.0 18 3103 ± 359 4.5 
31.1 1282 187 2.21±4 0.732 ± 2 3.0 0.04536 ± 21 0.7 61.8 40 2537 ± 94 1.1 
33.2 2663 246 3.38 ± 7 0.848 ± 2 4.4 0.05477 ± 20 1.1 74.7 19 2478 ± 160 1.3 
34.13017 308 2.72 ± 5 0.953 ± 3 3.5 0.06319 ± 24 0.9 86.2 13 2465 ± 352 1.1 
34.2 1607 359 1.94 ± 4 0.816 ± 2 3.6 0.05235 ± 20 0.9 71.4 36 2436 ± 142 1.2 
36.1 364 79 2.43 ± 5 0.263 ± 2 2.5 0.00673 ± 20 0.9 9.2 77 2658 ± 37 1.2 
87-315 Interiors/Opaque 
3.1 685 85 2.37 ± 6 0.639 ± 6 4.0 0.03771 ± 46 1.4 51.4 47 2579 ± 180 1.7 
20.3 1482 144 2.37 ± 5 0.803 ± 4 3.4 0.05121 ± 33 1.2 69.8 31 2473 ± 224 1.4 
20.4 4076 162 4.39 ± 9 0.874 ± 4 3.4 0.05716 ± 33 1.2 77.9 14 2263 ± 363 1.4 
20.5 2378 171 1.48 ± 3 0.941 ± 6 5.8 0.06198 ± 48 2.1 84.5 25 2624 ± 597 2.5 
21.22581 416 3.19 ± 6 0.949 ± 7 5.5 0.06061 ± 68 2.4 82.6 10 3580 ± 353 2.7 
23.2 1121 148 2.81 ± 6 0.534 ± 6 5.1 0.02933 ± 47 1.8 40.0 49 2550 ± 152 2.2 
27.21710 85 1.78 ± 4 0.694 ± 2 3.5 0.03776 ± 19 1.0 51.5 46 3380 ± 41 1.2 
The % common 206pb, % concordant and radiogenic 207pbf206pb age have been calculated using a 
common Pb with a composition of 204pbf206pb = 0.07334 and 207pbf206pb = 1.0805 (Cumming and 
Richards (1975) 2.7 Ga). See notes at bottom of table E.1 for further explanation. 
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Table E.7 
Zircon Data from Sample 87-314 (Ma fie Dike) 
grain. u Th 238/206 207/206 7/6 204/206 4/6 % % age age 
spot error error comm cone (Ma) ratio 
87-314 Massive Clear Zircon 
1.1 429 118 1.86 ± 6 0.185 ± 1 1.0 0.00014 ± 4 1.5 0.2 103 2681 ± 6 1.2 
2.1 576 151 2.14 ± 8 0.187 ± 1 2.4 0.00014 ± 8 4.0 0.2 91 2697 ± 14 2.8 
3.1 191 176 1.88 ± 6 0.180 ± 1 1.2 0.00006 ± 7 4.4 0.1 104 2650 ± 12 2.0 
4.1 340 91 1.84 ± 6 0.185 ± 1 0.8 0.00009 ± 3 1.7 0.1 104 2688 ± 6 1.2 
5.1 208 68 1.54 ± 5 0.186 ± 1 1.6 0.00009 ± 8 2.6 0.1 119 2698 ± 13 1.9 
6.1 418 104 1.95 ± 6 0.185 ± 1 1.8 0.00008 ± 7 3.7 0.1 99 2691±12 2.4 
7.1 301 71 1.71 ± 5 0.186 ± 1 1.6 0.00026 ± 4 1.3 0.4 110 2681±9 1.5 
8.1 654 210 1.74 ± 6 0.186 ± 1 1.5 0.00058 ± 4 1.3 0.8 110 2646 ± 7 1.4 
9.1 349 179 1.78 ± 6 0.182 ± 1 0.7 0.00021 ± 3 1.0 0.3 108 2652 ± 6 1.0 
10.11183 302 4.37 ± 14 0.180 ± 1 1.5 0.00061 ± 7 2.0 0.8 51 2584 ± 11 1.8 
11.1 581 209 1.71±5 0.179 ± 1 1.5 0.00006 ± 4 3.2 0.1 112 2638 ± 8 2.0 
12.1 403 228 1.88 ± 6 0.181 ± 1 1.1 0.00014 ± 4 1.7 0.2 104 2644 ± 7 1.4 
13.1 479 245 1.88 ± 6 0.182 ± 1 1.6 0.00015 ± 7 3.1 0.2 103 2658 ± 12 2.0 
14.1 626 275 1.87 ± 6 0.177 ± 1 1.5 0.00009 ± 4 4.0 0.1 106 2618 ± 8 2.0 
15.1 552 159 2.12 ± 7 0.193 ± 1 2.6 0.00021 ± 9 6.3 0.3 91 2745 ± 15 3.8 
16.1 627 391 1.88 ± 6 0.181 ± 1 0.9 0.00041 ± 3 0.9 0.6 105 2616 ± 5 1.0 
The % common 206pb, % concordant and radiogenic 207pbf206pb age have been calculated using a 
common Pb with a composition of 204pbf206pb = 0.07218 and 207pbf206pb = 1.0700 (Cumming and 
Richards (1975) 2.6 Ga). See notes at bottom of table E.1 for further explanation. 
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Table E.8 
Zircon Data from Sample 87-306 
(Post-Tectonic Quartz Monzonite) 
grain. U 
spot 
Th 238/206 
87-306 Massive Zircon 
207/206 7/6 204/206 4/6 
error error 
1.1 368 228 2.00 ± 41 0.178 ± 1 1.1 0.00012 ± 8 2.3 
2.1 382 316 2.02 ± 41 0.178 ± 1 0.9 0.00009 ± 6 2.1 
3.1 324 242 2.03 ± 42 0.180 ± 1 1.1 0.00020 ± 8 2.0 
4.1 278 197 2.04 ± 42 0.183 ± 1 1.0 0.00041 ± 9 1.3 
4.2 406 221 2.05 ± 47 0.178 ± 1 1.9 0.00028 ± 10 2.6 
6.1 323 175 2.03 ± 42 0.182 ± 1 1.3 0.00066 ± 10 1.6 
6.2 370 200 2.05 ± 47 0.179 ± 1 1.7 0.00026 ± 10 2.8 
7 .1 306 224 1.98 ± 41 0.188 ± 2 1.9 0.00119 ± 14 1.6 
7.2 423 216 1.97±45 0.180±1 1.7 0.00039±9 2.4 
8.2 279 212 2.06 ± 42 0.179 ± 1 1.2 0.00027 ± 10 2.4 
9.1 394 970 2.03 ± 41 0.180 ± 1 1.5 0.00051±10 1.9 
9.2 680 1928 1.94 ± 44 0.210 ± 1 1.0 0.00272 ± 7 0.6 
10.1 379 219 2.05 ± 42 0.179 ± 1 1.0 0.00029 ± 8 1.8 
10.2 382 226 2.06 ± 48 0.180 ± 1 1.2 0.00010 ± 7 2.3 
11.l 385 153 2.01±41 0.182 ± 2 1.6 0.00072 ± 13 1.9 
12.l 329 252 2.07 ± 43 0.184 ± 1 1.1 0.00077 ± 10 1.2 
13.1 344 567 1.99 ± 41 0.176 ± 1 1.4 0.00033 ± 11 2.1 
14.l 263 182 2.03±42 0.184±1 0.9 0.00066±8 1.1 
15.1 297 255 2.15 ± 50 0.178 ± 1 0.8 0.00029 ± 11 2.2 
16.1 391 221 2.10 ± 48 0.177 ± 1 1.2 0.00025 ± 7 2.1 
18.1 406 314 2.04 ± 47 0.175 ± 1 1.2 0.00015 ± 7 2.6 
19.1 387 352 2.02 ± 46 0.179 ± 1 1.4 0.00028 ± 8 2.2 
20.1 403 335 2.03 ± 46 0.179 ± 1 0.8 0.00024 ± 4 1.3 
87-306 Structured Zircon 
2.2 255 136 1.75 ± 36 0.215 ± 2 1.9 0.00025 ± 20 4.6 
5.1 268 158 2.07 ± 43 0.183 ± 2 1.6 0.00038 ± 13 2.3 
8.1 341 848 2.33 ± 48 0.173 ± 2 2.1 0.00078 ± 16 2.2 
17.1 451 210 2.07±47 0.177±1 1.1 0.00022±6 1.9 
% % 
comm cone 
0.2 100 
0.1 99 
0.3 98 
0.6 97 
0.4 98 
0.9 99 
0.4 98 
1.6 101 
0.5 101 
0.4 97 
0.7 99 
3.8 99 
0.4 98 
0.1 96 
1.0 100 
1.1 97 
0.5 101 
0.9 98 
0.4 95 
0.4 96 
0.2 99 
0.4 99 
0.3 98 
0.3 99 
0.5 96 
1.1 92 
0.3 98 
age 
(Ma) 
2622 ± 14 
2622 ± 12 
2628 ± 15 
2630 ± 16 
2598 ± 19 
2599 ± 19 
2610 ± 17 
2584 ± 28 
2606 ± 17 
2616 ± 18 
2591 ± 18 
2613 ± 12 
2610 ± 14 
2642 ± 13 
2584 ± 24 
2602 ± 18 
2578 ± 20 
2609 ± 16 
2599 ± 18 
2599 ± 14 
2592 ± 12 
2614 ± 14 
2618 ± 9 
2923 ± 28 
2635 ± 24 
2490 ± 32 
2596 ± 11 
233 
age 
ratio 
1.4 
1.2 
1.4 
1.1 
2.1 
1.2 
2.1 
1.5 
1.9 
1.3 
1.2 
1.0 
1.1 
1.6 
1.7 
1.2 
1.7 
1.1 
1.6 
1.6 
1.7 
1.8 
1.1 
2.8 
1.6 
1.9 
1.4 
The % common 206pb, % concordant and radiogenic 207pb;206pb a~e have been calculated using a 
common lead with a composition of 204pbf206pb = 0.07218 and 20 Pbf206pb = 1.0700 (Cumming 
and Richards (1975) 2.6 Ga). See notes at bottom of table E.1 for further explanation. 
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Table E.9 
Zircon Data from Sample 87-312 (Cale-Silicates) 
grain. U 
spot 
Th 238/206 
87-312 Clear Zircon 
1.1 264 176 2.05±5 
2.1 273 113 2.04 ± 5 
2.2 141 193 2.02±5 
4.1 214 149 1.58 ± 4 
6.1 234 200 2.12 ± 5 
7.2 120 76 1.84 ± 5 
8.1 248 141 1.87±5 
12 .1 13 8 117 1.84 ± 4 
16.1 258 198 1.92±5 
18.1 187 
22.1 282 
25.1 458 
27.1 147 
29.2 159 
30.2 73 
31.2 144 
33.1 292 
160 1.91±5 
561 1.51 ±4 
662 1.54 ± 4 
325 2.00 ± 5 
138 1.56 ± 3 
107 2.01±5 
108 1.88 ± 4 
190 1.46 ± 3 
87-312 Interiors 
207/206 7/6 204/206 
0.186 ± 1 
0.179 ± 1 
0.182 ± 2 
0.264 ± 2 
0.185 ± 2 
0.180 ± 1 
0.177 ± 1 
0.214 ± 2 
0.182 ± 1 
0.182 ± 1 
0.295 ± 4 
0.269 ± 1 
0.181 ± 2 
0.265 ± 3 
0.183 ± 2 
0.207 ± 2 
0.267 ± 1 
error 
1.1 0.00056 ± 10 
0.8 0.00038 ± 7 
1.3 0.00076 ± 40 
1. 7 0.00052 ± 28 
1.4 0.00102 ± 13 
1.0 0.00024 ± 9 
1.4 0.00007 ± 8 
2.1 0.00037 ± 21 
1.4 0.00011 ± 10 
0.8 0.00029 ± 7 
3 .5 0.00340 ± 33 
1.4 0.00030 ± 9 
1.2 0.00039 ± 14 
2.4 0.00054 ± 26 
0.4 0.00012 ± 
1.4 0.00159 ± 14 
0.8 0.00011 ± 7 
4/6 
error 
1.5 
1.1 
0.4 
4.0 
1.3 
1.6 
3.6 
3.9 
4.1 
1.2 
2.8 
3.4 
1.4 
4.3 
0.4 
1.2 
3.6 
% % 
comm cone 
0.8 96 
0.5 99 
1.1 100 
0.6 97 
1.4 96 
0.3 106 
0.1 105 
0.4 96 
0.1 102 
0.4 103 
4.2 98 
0.4 98 
0.5 99 
0.7 98 
0.8 99 
2.0 99 
0.1 103 
3.1 967 306 1.54 ± 4 0.270 ± 2 2.6 0.00018 ± 17 8.6 0.2 98 
5.1 407 737 1.59±4 0.278±2 1.7 0.00152±16 2.0 1.9 95 
9.1 174 654 1.21±3 0.465±8 5.5 0.01861±82 2.7 22.9 97 
10.1 146 137 1.51 ± 4 0.256 ± 2 1.6 0.00050 ± 18 2.8 0.6 102 
11.1 449 722 1.50 ± 4 0.267 ± 1 1.4 0.00024 ± 25 10.8 0.3 101 
14.1 435 563 1.56 ± 4 0.276 ± 1 1.9 0.00164 ± 14 2.1 2.0 97 
15.1 707 68 2.05 ± 5 0.181±1 1.3 0.00056 ± 4 1.3 0.8 98 
17.1 504 588 1.64 ± 4 0.259 ± 1 1.8 0.00009 ± 10 6.5 0.1 95 
20.1 367 360 1.49 ± 4 0.264 ± 1 1.3 0.00017 ± 5 2.1 0.2 101 
21.1 440 487 1.48 ± 4 0.262 ± 1 1.2 0.00010 ± 9 3.5 0.1 102 
23.2 911 2576 4.73 ± 110.286 ± 6 6.8 0.00742 ± 56 3.5 9.1 40 
24.1 405 746 1.63 ± 4 0.264 ± 1 1.2 0.00028 ± 9 3.3 0.3 95 
26.1 457 21168 1.85 ± 4 0.529 ± 10 8.1 0.01734 ± 1084.9 19.2 61 
29.1 437 6699 1.53 ± 3 0.376 ± 1 3.2 0.01156 ± 26 1.6 14.2 90 
30.1 138 136 2.00 ± 4 0.180 ± 2 1.7 0.00054 ± 15 2.0 0.8 100 
31.1 198 290 1.50 ± 3 0.268 ± 1 1.0 0.00060 ± 10 1.8 0.7 101 
32.1 229 369 1.62 ± 4 0.295 ± 2 1.9 0.00498 ± 18 1.3 6.1 95 
32.2 274 913 1.90±4 0.279±2 1.7 0~00211±15 1.5 3.3 83 
age 
(Ma) 
2642 ± 18 
2598 ± 15 
2584 ± 62 
3236 ± 28 
2576 ± 25 
2626 ± 16 
2621±15 
2904 ± 29 
2660 ± 18 
2638 ± 13 
3238 ± 38 
3281±10 
2622 ± 24 
3241±29 
2610 ± 23 
2732 ± 23 
3280 ± 7 
age 
ratio 
1.3 
1.1 
1.0 
2.8 
1.3 
1.3 
2.1 
2.6 
2.0 
1.0 
2.9 
2.0 
1.3 
3.2 
1.0 
1.3 
1.4 
3293 ± 17 4.2 
3254 ± 18 1.8 
3284±110 3.1 
3188 ± 20 2.0 
3272 ± 22 5.5 
3238 ± 15 1.9 
2599 ± 9 1.3 
3234 ± 12 3.0 
3259 ± 8 1.6 
3256 ± 9 1.8 
2832 ± 90 4.1 
3250 ± 10 2.0 
3820±88 5.5 
3184 ± 34 1.9 
2591±29 1.9 
3258 ± 10 1.2 
3121 ± 23 1.4 
3.182±17 1.5 
34.2 453 4729 2.01±4 0.416±2 1.7 0.01746±19 0.7 21.4 72 2970±29 1.1 
35.1 530 52442 1.78 ± 4 0.634 ± 2 2.1 0.03605 ± 27 0.8 44.3 57 3073 ± 56 1.1 
87-312 Pale Zircon 
13.1 408 939 1.53±4 0.250±1 1.4 0.00011±10 4.9 0.1102 3174±12 2.4 
19.1 223 322 1.46±4 0.267±2 2.4 0.00015±24 7.0 0.2 103 3277±25 3.6 
34.1 268 89 1.52 ± 3 0.260 ± 1 1.4 0.00013 ± 12 4.6 0.2 101 3241±12 2.0 
35.2 192 110 1.61±4 0.240 ± 1 1.1 0.00019 ± 15 4.8 0.2 100 3106 ± 16 2.3 
The % common 206pb, % concordant and radiogenic 207pbf206pb age have been calculated using 
Cummings and Richards's (1975) model 3 common Pb with an age equivalent to the apparent radiogenic 
207pb/206pb of each individual analysis. See notes at bottom of table E.1 for further explanation. 
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APPENDIX F: 
COMPUTER PROGRAMS 
As part of this research, it was necessary to develop five computer programs. These 
programs, written in Macintosh TerboPascal, are given here. R. Dabrowski provided 
much help in dealing with the finer points of data manipulation and graphics output. 
Residual -- a program to calculate the weighted residual of a given datum 
with respect to a defined Wendt plane. This program has been modified 
in 1991 in order also to calculate the MSWD and x2 of the data. 
program residual; 
{$I-} 
uses MemTypes,QuickDraw ,OSintf,Toollntf ,Packlntf; 
{ includes calcualtion of MSWD and probability of fit } 
type 
DataLine = Record { for building main data array } 
grain : real; 
EigSix, EigSix_err, SevSix, SevSix_err, ForSix, ForSix_err, Y _Calc, Y _Resid : Double; 
end; { of record DataLine } 
Var 
A, B, C, sigmaA, sigmaB, sigmaC, All, A22, A33, A12, Al3, A23, 
hyperb, SE_diff, Sums, MSWD, Prob : Double; 
NumbAnalyses, n, vRefNum, numblgnore : Integer; 
DataArray : Array[ 1 .. 250) of DataLine; 
err : OSErr; 
tvar, fVar2 : TEXT; 
header : string[50J; 
tab: Char; 
myName, input, temp_strng : String; 
notCancel : Boolean; 
function GetFileName(var fileName:string) : boolean; 
var 
begin 
topLeft : Point; 
FileFilter : SFTypeList; 
theErr : OSErr; 
Reply : SFReply; 
SPtr : StringPtr; 
topLeft.h := 100; 
topLeft. v := 125; 
FileFilter[O] := 'CGTX'; 
{ plane & error hyperboloid paramters } 
{ define main data array } 
{ cancel = false } 
Brings up Dialog Box } 
{ top left point for Get File dialog } 
{ top left point for Get File dialog } 
{ file filter } 
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SFGetFile(topLeft,' ',nil, l ,FileFilter ,nil.Reply); 
if Reply.Good then 
begin 
SptrA := "; 
theErr := SetVol(Sptr,Reply.vRefNum); 
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{ call to dialog } 
{ cancel not chosen ) 
{ update vol ref# ) 
fileName := Copy(Reply.fName,l,length(Reply.fName)); 
WriteLn (' input file name: ', fileName); 
GetFileName := true; 
[ echo input file name to screen ) 
end 
end; 
else begin 
sysbeep (5); 
GetFileName := false; 
exit; 
end 
function PutFileName(var fileName:string) : boolean; 
var 
begin 
topLeft : Point; 
theErr : OSErr; 
reply : SFReply; 
SPtr : StringPtr; 
topLefth := 100; 
topLeft.v := 140; 
{ cancel chosen } 
{ cancel = false } 
Brings up Dialog Box and creates a file } 
[ top left horiz point for Get File dialog } 
[ top left vert " " " } 
SFPutFile (topLeft, 'CRICKET GRAPH FILE','Residual.OUT', nil, Reply); 
if Reply.Good then 
begin 
SptrA := "; 
fileName := Copy(Reply.fName,l,length(reply.tName)); 
WriteLn (' output file name: ', fileName); 
theErr := Create(fileName, Reply.vRefNum, 'CGRF', 'CGTX'); 
{ create output file as cricket graph file } 
theErr := SetVol(Sptr,Reply.vRefNum); {update vol ref#} 
end 
end 
end; 
PutFileName := true; 
else begin 
sysbeep (5); 
PutFileName := false; 
{ cancel chosen } 
{ end of procedure PutFileName ) 
Function CalculateProbabilty (var MSWD:Double; NumbAnalys:Integer) : Double; 
{ procedure to calculate the probability that a 
given data set actually fits the plane values } 
Var Chance, rootPi, A, D, Sums Double; 
Degrees : Integer; 
Begin {method Provided by K. Ludwig, USGS, Denver} 
Chance := 999; 
Degrees := NumbAnalys - 3; { for 3 dimensional plane } 
RootPi := sqrt(3.1415926); 
IfMSWD>20 
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Then Chance := O; 
If MSWD < 0.0001 
Then Chance:= 1; 
If (MSWD <= 20) and (MSWD >= 0.0001) 
Then Begin 
D := 1; 
A:= 1; 
Sums := MSWD*Degrees; 
If 2 *(Degrees div 2) =degrees 
Then Begin 
End 
For n := 1 to ((Degrees div 2) - 1) do 
begin 
End; 
D := (D*Sums)/(2*n); 
A:=A+D; 
Chance:= A *exp((-1 *Sums)/2); 
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{ 0% likely that the data fit the plane } 
{ 100% likely that the data fit the plane } 
[ use cumulative chi-square distribution } 
{ Number of degrees of freedom is even } 
{ end of For loop } 
Else Begin { Number of degrees of freedom is odd } 
n :=0; 
While (D >= 0.000001) do 
Begin 
n := n + 2; 
D := D*Sums/(Degrees + n); 
A:=A+D; 
End; { end of while loop } 
D := RootPi; 
For n := 0 to ((Degrees - 1) div 2) do 
D := D*(n + 0.5); 
Chance:= 1 - exp(-l*Sums/2)*(exp((ln(Sums/2))*(Degrees/2)))*(A/D); 
End; 
End; 
CalculateProbabilty := Chance; 
End; 
Begin 
NumbAnalyses := O; 
{ end of if then else } 
{ of main program loop } 
writeLn('PROGRAM CALCULATES 207/206 (Y) RESIDUALS FOR A PLANE'); 
writeLn('WITH KNOWN COEFFICEINTS: y =Ax + B + Cz and error hyperboloid'); 
Write('Program ignores analyses with numbers less '); 
WriteLn('than zero when calculating MSWD'); 
Write('Requires a Cricket Graph input file with: '); 
WriteLn('grain, 38/6, ±, 7 /6, ±, 4/6, ±.'); 
Write('( uncertainties in 1 sigma). Please select a data input file.'); 
notCancel := GetFileName(myName); 
if (notCancel <>true) then exit; 
reset(fVar,myName); 
ReadLn (tvar,input); 
ReadLn (tvar, input); 
While not eof(fVar) do 
begin 
ReadLn (tvar, DataArray[NumbAnalyses + 1].grain, 
DataArray[NumbAnalyses + l].EigSix, 
DataArray[NumbAnalyses + 1].EigSix_err, 
DataArray[NumbAnalyses + 1].SevSix, 
DataArray[NumbAnalyses + 1].SevSix_err, 
{cancel chosen, terminate program } 
{ open selected input file } 
{ skip first two line of cricket graph file } 
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DataArray[NumbAnalyses + l].ForSix, 
DataArray[NumbAnalyses + l].ForSix_err); 
DataArray[NumbAnalyses + l].Y _Calc := O; 
DataArray[NumbAnalyses + l].Y_Resid := O; 
If eof(tvar) =false 
then NumbAnalyses := NumbAnalyses + 1; 
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end; 
{ avoid counting last row in cricket graph as being a line of data } 
{ of while loop } 
Close (tvar); 
Write('Number of analyses read='); 
Write(NumbAnalyses); 
WriteLn(' Please specify output file (CRICKET GRAPH type)'); 
notCancel := PutFileName(myName); 
if (notCancel <>true) then exit; 
WriteLn; 
temp_stmg := 'no'; 
{ call function } 
{ cancel chosen, terminate program } 
Write('Do you wish to consider the error hyperboloid? (default= no)'); 
ReadLn{temp_strng); 
WriteLn; WriteLn; 
If (temp_stmg = 'y') then temp_strng := 'yes'; 
Write('enter A = '); ReadLn(A); 
If (temp_stmg = 'yes') then begin 
Write('enter sigmaA = '); ReadLn(sigmaA) end; 
Write('enter B = '); ReadLn(B); 
If (temp_stmg = 'yes') then begin 
Write('enter sigmaB = '); ReadLn{sigmaB) end; 
Write('enter C = '); ReadLn(C); 
If (temp_stmg = 'yes') then begin 
Write('enter sigmaC = '); ReadLn(sigmaC) end; 
If (temp_stmg = 'yes') then begin { values for error hyperboloid } 
Write('enter All = '); ReadLn(All); 
Write('enter A22 = '); ReadLn(A22); 
Write('enter A33 = '); ReadLn(A33); 
Write('enter A12 = '); ReadLn(A12); 
Write('enter A13 = '); ReadLn(A13); 
Write('enter A23 = '); ReadLn(A23) 
end; 
WriteLn; 
{ need to compensate for'-' in screen output} 
If A< 0 then Write('A = ', A:7:6) else Write('A = ', A:7:6); 
If B < 0 then Write(' B = ', B:5:4) else Write(' B = ', B:5:4); 
If C < 0 then WriteLn(' C = ', C:4:2) else WriteLn(' C = ', C:4:2); 
If (temp_stmg = 'yes') then 
begin 
Write(' ± ', sigmaA:7:6); 
Write(' ± ', sigmaB:5:4); 
WriteLn(' ± ', sigmaC:4:2); 
WriteLn; 
If All < 0 then Write('All = ', All:9:7) else 
Write('All = ', All:9:7); 
If A22 < 0 then Write(' A22 = ', A22:9:7) else 
Write(' A22 = ', A22:9:7); 
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If A33 < 0 then WriteLn(' A33 = ', A33:9:7) else 
WriteLn(' A33 = ', A33:9:7); 
If A12 < 0 then Write('A12 = ', A12:9:7) else 
Write('A12 = ', A12:9:7); 
If Al3 < 0 then Write(' Al3 = ', A13:9:7) else 
Write(' Al3 = ', A13:9:7); 
If A23 < 0 then WriteLn(' A23 = ', A23:9:7) else 
WriteLn(' A23 = ', A23:9:7); 
WriteLn; WriteLn; 
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ReWrite(fVar2, myName); 
tab := CHR.(9); { hexademimal equivalent to tab} 
header:= '*'; 
WriteLn(fVar2, header); 
header:= 'Grain'+tab+'238/206'+tab+'7/6 meas'+tab+'7/6 calc'+tab+'residual'; 
WriteLn(fVar2, header); 
SE_diff := O; 
hyperb :=0; 
Sums:= O; 
MSWD:=O; 
Prob:= O; 
numblgnore := O; 
For n := 1 to NumbAnalyses do 
begin { main calculation loop } 
DataArray[n].Y _Calc := A*DataArray[n].EigSix + B + C*DataArray[nJ.ForSix; 
SE_diff := (sqr(DataArray[n].SevSix_err) + sqr(A)*sqr(DataArray[n].EigSix_err} + 
sqr(C)*sqr(DataArray[n].ForSix_err)); { SE= standard error} 
If (temp_stmg = 'yes') then 
hyperb := sqr(DataArray[n].EigSix)*sqr(sigmaA) + sqr(sigmaB) + 
sqr(DataArray[n].ForSix)*sqr(sigmaC) + 2*(DataArray[n].EigSix* 
A12*(1/(sqrt(Al 1 * A22)))*sigmaA *sigmaB + DataArray[n].EigSix* 
DataArray[n].ForSix* Al3*(1/(sqrt(Al 1 * A33)))*sigmaA *sigmaC + 
DataArray[n] .ForSix* A23*(1/(sqrt(A22* A33)))*sigmaB *sigmaC) 
{ gives y error envelope dimension at given X and Z } 
{ from Wendt (1984) Isotope Geosci. eqn 28 & 19 } 
else Hyperb := 0; { error hyperbola being ignored } 
SE_diff := sqrt(SE_diff + hyperb); 
{ add in quadrature undcertainty in Y + error hyperboloid } 
DataArray[n].Y _Resid := (DataArray[n].SevSix - DataArray[n].Y _Calc) /SE_diff; 
WriteLn(fVar2, DataArray[n].grain:S: 1,tab, 
DataArray[n].EigSix:5:4,tab, 
DataArray[n].SevSix:5:4,tab, 
DataArray[n].Y _Calc:5:4,tab, 
DataArray[n].Y _Resid:5:4); 
If DataArray[n].grain >= 1.0 then {check for feldspar input} 
Sums:= Sums+ sqr(DataArray[n].Y _Resid) {sum of residuals-squared for MSWD} 
else numblgnore := numblgnore + 1; 
Write(DataArray[n].grain:S:l); 
IfDataArray[n].Y_Resid < 0 {compensate for'-' character in screen output} 
then Write(' ') 
else Write(' '); 
Write(DataArray[n].Y _Resid:5:4,' '); 
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if 4 * (n div 4) = n 
then WriteLn 
end; 
header := tab+tab+tab+tab; 
Writeln{fVar2, header); 
Close(fV ar2); 
NumbAnalyses := NumbAnalyses - numblgnore; 
MSWD := Sums/{NumbAnalyses - 3); 
WriteLn; WriteLn; 
Write('MSWD = ·• MSWD:4:3, I '); 
prob := CalculateProbabilty(MSWD, NumbAnalyses); 
Write('probability of fit is: ', prob:4:3, ' for '); 
WriteLn((NumbAnalyses - 3), 'degrees of freedom'); 
240 
{ check if sample count is divisible by 4 } 
{ of main calculation loop } 
{ final line of tabs for cricket graph file } 
{ close output file } 
{ compensate for feldspar points } 
{ 3 because the plane is 3-dimensional } 
WriteLn; WriteLn; 
Write{' *** CLICK mouse to continue'); 
repeat until button; 
Initcursor; 
end 
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{ reset cursor } 
{ of program residual } 
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Radiogenic -- a program to calculate the radiogenic 238U/206pb and 
207Pb/206pb from a set of measured isotopic ratios. This program 
differ~s from that used in Canberra in that it allows an uncertainty to be 
assigned to the isotopic composition of the external Pb. 
program radiogenic; 
{$I-} 
uses MemTypes,QuickDraw,OSintf,Toollntf,Packintf; 
Const 
Lambda238 = 0.155125e-3; 
Lambda235 = 0.984850e-3; 
Uranium_Ratio = 137 .88; 
type 
DataLinein = Record 
grain : real; 
EigSix, EigSix_err, SevSix, SevSix_err, 
ForSix, ForSix_err : Double; 
end; 
DataLineOut = Record 
grain : real; 
{ decay constants from Steiger and Jager } 
{ in inverse Ma (1977) EPSL, 36, 359 - 362 } 
{ ratio of 238/235 in nature } 
{ for input data } 
{ for output data array } 
EigSixRad, EigSixRad_err, SevSixRad, SevSixRad_err : Double; 
SevSixAge, SevSixAge_err : Integer; 
PerCentCon, Fsix : Double; 
end; 
Var 
NumbAnalyses, n, vRefNum, AgeEst, PlusAge, MinusAge Integer; 
Datain : Array[l .. 250] of DataLinein; 
DataOut : Array[l..250] of DataLineOut; 
err : OSErr; 
comForSix, comForSix_err, comSevSix, comSevSix_err, TempA, TempB Double; 
tvar, tvar2 : TEXT; 
header : string[IOO]; 
tab: Char; 
myName, input : String; 
notCancel : Boolean; 
function CalculateAge (var Yvalue : Double; 
AgeEstimate : Integer) : Integer; 
Var tollerance, Xapprox, funct, derivative : Real; 
Begin 
Tollerance := 0.0001; 
Xapprox := exp(Lambda238 * AgeEstimate) - 1; 
repeat 
{ Function to use Newton's method to 
determine the radiogenic 207 {206 age 
for a known radiogenic ratio. } 
{ iterate Newton's method} 
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funct := 1 + ((Yvalue) * Uranium_Ratio * Xapprox) -
exp((Lambda235 I Lambda238)*1n(l + Xapprox)); 
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derivative:= Yvalue*Uranium_Ratio - exp(((Lambda235 I Lambda238) - l)* 
ln(l + Xapprox))*(Lambda235 I Lambda238); 
Xapprox := Xapprox - (funct/ derivative); 
until (funct /derivative)< tollerance; 
CalculateAge := Round((ln(l + Xapprox) /Lambda238)); 
End; { of function CalculateAge } 
function GetFileName(var fileName:string) : boolean; { cancel= false } 
var 
begin 
topLeft : Point; 
FileFilter : SFfypeList; 
theErr : OSErr; 
Reply : SFReply; 
SPtr : StringPtr; 
topLeft.h := 100; 
topLeft.v := 125; 
FileFilter[O] := 'CGTX'; 
SFGetFile(topLeft,' ',nil, 1,FileFilter ,nil,Reply ); 
if Reply.Good then 
begin 
Sptr" := "; 
theErr := SetVol(Sptr,Reply.vRefNum); 
Brings up Dialog Box } 
{ top left point for Get File dialog } 
{ top left point for Get File dialog } 
{ file filter } 
{ call to dialog } 
{ cancel not chosen } 
{ update vol ref# } 
fileName := Copy(Reply.fName, l ,length(Reply .fName )); 
WriteLn (' input file name: ', fileName); 
GetFileName := true; 
{ echo input file name to screen } 
end; 
else begin 
sysbeep (5); 
GetFileName := false; 
exit; 
end 
{ cancel chosen } 
function PutFileName(var fileName:string) : boolean; { cancel = false } 
Brings up Dialog Box and creates a file } 
var 
begin 
topLeft : Point; 
theErr : OSErr; 
reply : SFReply; 
SPtr : StringPtr; 
topLeft.h := 100; 
topLeft.v := 140; 
{ top left horiz point for Get File dialog } 
{ top left vert " " " " " } 
SFPutFile (topLeft, 'CRICKET GRAPH FILE','Radio.OUT', nil, Reply); 
if Reply.Good then 
begin 
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Sptr" := "; 
fileName := Copy(Reply.fName,l,length(reply.fName)); 
WriteLn (' output file name: ', fileName); 
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theErr := Create(fileName, Reply.vRefNum, 'CGRF', 'CGTX'); 
{ create output file as cricket graph file } 
theErr := SetVol(Sptr,Reply.vRefNum); { update vol ref# } 
end; 
PutFileName := true; 
else begin 
sysbeep (5); 
PutFileName := false; 
em 
Begin 
NumbAnalyses := O; 
{ cancel chosen } 
{ end of procedure PutFileName } 
{ of main program loop } 
writeLn('Program calculates 238/206*, 207* /206*, 7 /6 age, % cone and F206'); 
Write('Requires a Cricket Graph input file with: '); 
WriteLn('grain, 38/6, ±, 7/6, ±, 4/6, ±.'); 
Write('(absolute uncertainties in I sigma). Please select a data file.'); 
notCancel := GetFileName(myName); 
if (notCancel <>true) then exit; 
reset(fVar,myName); 
ReadLn (fVar,input); 
ReadLn (fVar, input); 
While not eof(fVar) do 
begin 
ReadLn (fVar, Dataln[NumbAnalyses + l].grain, 
Dataln[NumbAnalyses + 1].EigSix, 
Dataln[NumbAnalyses + 1].EigSix_err, 
Dataln[NumbAnalyses + 1].SevSix, 
Dataln[NumbAnalyses + 1].SevSix_err, 
Dataln[NumbAnalyses + 1].ForSix, 
Dataln[NumbAnalyses + 1].ForSix_err); 
If eof(fVar) =false 
end; 
Close (fVar); 
then NumbAnalyses := NumbAnalyses + 1; 
Write('Number of analyses read = ); 
WriteLn (NumbAnalyses); 
Write('Please specify output file (CRICKET GRAPH type)); 
notCancel := PutFileName(myName); 
if (notCancel <>true) then exit; 
WriteLn; 
Write('enter 4/6 of common lead: ); 
ReadLn(comForSix); 
Write('± lsigma absolute: '); 
ReadLn(comForSix_err); 
Write('enter 7/6 of common lead: ); 
ReadLn(comSevSix); 
Write('± lsigma absolute: '); 
ReadLn(comSevSix_err); 
WriteLn; 
{ cancel chosen, terminate program } 
{ open selected input file } 
{ skip first two line of cricket graph file } 
{ avoid counting last row of tabs in 
cricket graph as being a line of data } 
{ of while loop } 
{ call function } 
{ if cancel chosen, terminate program } 
{ input common lead composition } 
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WriteLn; 
Write('P A TIEN CE, this talces about one second per analysis. '); 
ReWrite(fVar2, myName); 
tab := CHR(9); 
{ start writing to CG output file } 
{ hexademimal equivalent to tab } 
header := '*'; 
WriteLn(fVar2, header); 
header := 'Grain'+tab+'238/206*'+tab+'± 38/6*'+tab+ 
'207*/206*'+tab+'± 7*/6*'+tab+'7/6 Age'+tab+'± Age'+tab+ 
'concord.'+tab+'f206'; 
WriteLn(fVar2, header); 
WriteLn('Analysis Numbers:'); 
WriteLn; 
For n := 1 to NumbAnalyses do 
begin 
TempA := (l/Dataln[n].EigSix)*(l - (Dataln[n].ForSix/comForSix)); 
{ main calculation loop } 
{ calculate 38/6* } 
DataOut[n].EigSixRad := l/TempA; { calculate EigSixRad_err } 
TempA := sqrt(sqr(Dataln[n].ForSix_err/Dataln[n].ForSix) + 
sqr(comForSix_err/comForSix)); 
TempA := TempA*(Dataln[n].ForSix/comForSix); 
TempA := sqrt(sqr(TempN(l - (Dataln[n].ForSix/comForSix))) + 
sqr(Dataln[n].EigSix_err/Dataln[n].EigSix)); 
DataOut[n].EigSixRad_err := TempA*DataOut[n].EigSixRad; 
{ calculate radiogenic 207 /206 ratio } 
TempA := (Dataln[n].ForSix/comForSix); 
TempA := 1 - TempA; 
DataOut[n].SevSixRad := (Dataln[n].SevSix - (comSevSix* 
(Dataln[n].ForSix/comForSix)))/TempA; 
{calculate uncertainty in radiogenic 207/206} 
TempA := sqrt(sqr(comSevSix_err/comSevSix) +sqr(Dataln[n].ForSix_err/Dataln[n].ForSix) + 
sqr(comForSix_err/comForSix)); 
TempA := TempA *((comSevSix*Dataln[n].ForSix)/comForSix); 
TempA := sqrt(sqr(TempA) + sqr(Dataln[n].SevSix_err)); 
TempA := TempN(Dataln[n].SevSix -
((comSevSix*Dataln[n].ForSix)/comForSix)); 
TempB := sqrt(sqr(Dataln[n].ForSix_err/Dataln[n].ForSix) + 
sqr(comForSix_err/comForSix)); 
TempB := TempB*((Dataln[n].ForSix)/comForSix); 
TempB := TempB/(1 - (Dataln[n].ForSix/comForSix)); 
{ add in quadrature } 
DataOut[n].SevSixRad_err := DataOut[n].SevSixRad* (sqrt(sqr(TempA) + sqr(TempB))); 
AgeEst := 4600; 
{ Calculate 207 /206 age and its error where t1 = 0 Ma } 
{ age of the Earth } 
TempA := DataOut[n].SevSixRad + DataOut[n].SevSixRad_err; 
PlusAge := CalculateAge (TempA, AgeEst); 
AgeEst := PlusAge; 
DataOut[n].SevSixAge := CalculateAge (DataOut[n].SevSixRad, AgeEst); 
AgeEst := DataOut[n].SevSixAge; 
TempA := DataOut[n].SevSixRad - DataOut[n].SevSixRad_err; 
MinusAge := CalculateAge (TempA, AgeEst); 
DataOut[n].SevSixAge_err := (PlusAge - MinusAge) div 2; 
{ determine the percent concordant( the fraction of of 206* lost at O Ma) } 
TempA := exp(Lambda238*Data0ut[n].SevSixAge) - 1; 
DataOut[n].PerCentCon := (1/DataOut[n].EigSixRad)/TempA; 
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{ detennine the fraction of 206 which is radiogenic } 
DataOut[n].Fsix := Datain[n).ForSix/comForSix; 
WriteLn(fV ar2,Dataln[n].grain:4: I ,tab, 
DataOut[n].EigSixRad:6:5,tab, 
DataOut[n].EigSixRad_err:6:5,tab, 
DataOut[n].SevSixRad:6:5,tab, 
DataOut[n].SevSixRad_err:6:5,tab, 
DataOut[n].SevSixAge,tab, 
DataOut[n].SevSixAge_err, tab, 
DataOut[n] .PerCentCon:4:2,tab, 
Data0ut[n].Fsix:4:3); 
If 6*((n - I) div 6) = n 
then WriteLn; 
Write(Dataln[n].grain:6: I,' '); 
end; 
header := tab+tab+tab+tab+tab+tab+tab+tab; 
Writeln(fVar2, header); 
Close(fV ar2); 
Initcursor; 
end 
{ print to CG file ) 
{ check if sample count is divisible by 4 } 
{ of main calculation loop } 
{ final line of tabs for cricket graph file } 
{ close output file } 
{ reset cursor ) 
{ of program Radiogenic } 
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TrueError -- a program to determine the observed scatter away from a 
chord connecting the a mean lead isotopic composition (204Pb/206pb vs. 
207pb/206pb) and a specified common Pb component (see figure 2.2). 
program TrueError; 
{$I-} 
uses MemTypes,QuickDraw ,OSintf,Toolintf ,Packintf; 
Type 
DataLine = Record 
grain, ForSix, SevSix, ErrForSix, ErrSevSix, 
ResForSix, ResSevSix : Real; 
ForKeep, SevKeep, HighCnts : Boolean; 
end; 
TempLine = Record 
grain, ForSix, SevSix : Real; 
TotFor, TotZer, TotSix : Longint; 
SevTime : Integer; 
end; 
Var 
Scan, vRetNum, n, SevTime, KeptFor, KeptSev, ForsKept : Integer; 
TotFor, TotZer, TotSix, Dummy : Longint; 
{ for input data array } 
{ of record DataLine } 
TempGrain, AgeCom, ComSevSix, ComForSix, SumRats, FracTotFor : Real; 
FracErrSev,MeanSevSix, WtMeanX, WtMeanY, WtX, WtY, slope : Real; 
ExpX, ExpY, diff, XtoMean, YtoMean,ObsErrX, ExpErrX, ObsErrY : Real; 
ExpErrY, SumResX, SumResY : Real; 
SumVarX, SumVarY, ObsExpX, ObsExpY, XErr, YErr : Real; 
DataArray : Array[l..10] of DataLine; { define main data array } 
TempDataLine : TempLine; 
err : OSErr; 
fVarl, fVar2 : TEXT; 
header : string[75]; 
tab: Char; 
FileNamein, FileNameOut, TempStrng String; 
notCancel, MoreDeletes : Boolean; 
Function GetFileName(var fileName:string) : boolean; 
var 
topLeft : Point; 
FileFilter : SFTypeList; 
theErr : OSErr; 
Reply : SFReply; 
SPtr : StringPtr; 
begin 
topLefth := 100; 
topLeftv := 125; 
FileFilter[O] := 'CGTX'; 
SFGetFile(topLeft,' ',nil, l ,FileFilter,nil,Reply ); 
if Reply.Good then 
{ cancel = false } 
Brings up Dialog Box } 
{ top left point for Get File dialog } 
{ top left point for Get File dialog } 
{ file filter } 
{ call to dialog } 
{ cancel not chosen } 
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begin 
SptrA := "; 
theErr := SetVol(Sptr,Reply.vRefNum); 
fileName := Copy(Reply.fName,1,length(Reply.fName)); 
WriteLn (' input file name chosen: ', fileName); 
GetFileName := true; 
end 
else begin 
sysbeep (5); 
GetFileName := false; 
exit; 
end 
end; 
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{ update vol ref# } 
{ cancel chosen } 
function PutFileName(var fileName:string) : boolean; { cancel = false } 
Brings up Dialog Box and creates a file } 
var 
topLeft : Point; 
theErr : OSErr; 
reply : SFReply; 
SPtr : StringPtr; 
begin 
topLeft.h := 100; 
topLeft. v := 140; 
{ top left horiz point for Get File dialog } 
{ top left vert " " " } 
SFPutFile (topLeft, 'CRICKET GRAPH FILE','TrueError.OUT', nil, Reply); 
if Reply.Good then 
begin 
SptrA := "; 
fileName := Copy(Reply .fName, l ,length(reply .fName)); 
WriteLn (' output file name chosen:', fileName); 
theErr := Create(fileName, Reply.vRefNum, 'CGRF, 'CGTX'); 
{ create output file as cricket graph file } 
theErr := SetVol(Sptr,Reply.vRefNum); {update vol ref number} 
PutFileName :=true; 
end 
else begin 
sysbeep (5); 
PutFileName := false; 
end 
{ cancel chosen ) 
end; { end of procedure PutFileName ) 
Begin 
ComSevSix := 1.0805; ComForSix := 0.07334; 
{ beginning of main program loop ) 
{ initialize } 
{ equal to C&R 2. 7 Ga ) 
Write('Program to calculate observed errors in 7 /6 & 4/6 using a given'); 
WriteLn(' Common Lead.'); 
Write('Requires a Cricket Graph file with: grain, 7/6, 4/6 for each scan.'); 
WriteLn('The first); 
Write('scan must further included the total 204, zero, 206 and ); 
WriteLn('the 207 time factor.); 
WriteLn; 
Write('Please Select an input file '); 
notCancel := GetFileName(FileNameln); 
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if (notCancel <> true) then exit; 
reset(fVarl,FileNameln); 
ReadLn (fVarl,TempStrng); 
ReadLn (fVarl,TempStrng); 
Write('Please specify an output file'); 
notCancel := PutFileName(FileNameOut); 
if (notCancel <> true) then exit; 
ReWrite(fVar2, FileNameOut); 
tab := CHR(9); 
header := '*'; 
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{ cancel chosen, tenninate program } 
{ open selected input file } 
{ skip first two line of cricket graph file } 
{ call procedure } 
{ cancel chosen, tenninate program } 
{ hexademimal equivalent to tab ) 
WriteLn(fVar2, header); {column headings for output file) 
header:= 'analysis'+tab+'207/206'+tab+'±'+tab+'204/206'+tab+'±'+tab+ 
'ratio 7/6'+tab+'ratio 4/6'; 
WriteLn(fVar2, header); { TempDataLine used to deal with tabs at end of input file) 
ReadLn(fVarl,TempDataLine.Grain, 
TempDataLine.ForS ix, 
TempDataLine.SevSix, 
TempDataLine.TotFor, 
TempDataLine.TotZer, 
TempDataLine.TotSix, 
TempDataLine.SevTime); 
While not eof(fVarl) do 
begin 
Scan:= l; 
DataArray[Scan].grain := TempDataLine.grain; 
DataArray[Scan].ForSix := TempDataLine.ForSix; 
DataArray[Scan].SevSix := TempDataLine.SevSix; 
DataArray[Scan].ForKeep :=True; 
DataArray[Scan].SevKeep :=True; 
TotFor := TempDataLine.TotFor; 
TotZer := TempDataLine.TotZer; 
TotSix := TempDataLine.TotSix; 
SevTime := TempDataLine.SevTime; 
Read(fV arl ,TempDataLine.Grain, 
TempDataLine.ForS ix, 
TempDataLine.SevSix); 
{ check if data file is finished } 
{ begin processing another analysis ) 
{ flags for later editing ) 
If eof(fVarl) =true then TempDataLine.Grain := 500; {avoid unidentified number while loop test) 
While (Abs(TempDataLine.Grain - DataArray[Scan].grain) < 0.02) 
and not eof(fVarl) Do {scan number is required to be second place after the decimal) 
Begin { another scan of the same analysis ) 
Scan := Scan + 1; 
DataArray[Scan].grain := TempDataLine.Grain; 
DataArray[Scan].ForSix := TempDataLine.ForSix; 
DataArray[Scan].SevSix := TempDataLine.SevSix; 
DataArray[Scan].ForKeep :=True; 
DataArray[Scan].SevKeep :=True; 
Read(fV ar 1,TempDataLine.Grain, 
TempDataLine.ForSix, 
TempDataLine.SevSix); 
If eof(fVarl) =true then TempDataLine.Grain := 500; 
{ avoid unidentified number in while loop test ) 
end; { end of while loop ) 
first line of a new analysis has been found.continue reading this line ) 
KeptFor := Scan; 
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KeptSev := Scan; 
ReadLn(fVarl,TempData.Line.TotFor, 
TempData.Line.TotZer, 
Temp Data.Line. TotS ix, 
TempData.Line.SevTime); 
WriteLn; 
Write('Next Analysis is:', DataArray[l].grain:5:1); 
Write(' which has ', scan, ' scans.'); 
Write(' New Common Lead (default is NO): '); 
ReadLn(TempStrng); 
If (TempStrng = 'e') then exit; 
If (TempStrng = 'yes') or (TempStrng = 'y') then 
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begin { input a new choice of common lead } 
WriteLn('O =input ratios manually. Ages are for C&R model 3.'); 
Write('New Common Lead (1.6, 2.6, 2.7, 2.9, 3.0, 3.3, 3.5 Ga):'); 
ReadLn (AgeCom); 
If AgeCom = 0 then begin 
Write('input 207(206 of Common Lead: '); 
ReadLn(ComSevSix); 
Write('input 204(206 of Common Lead: '); 
{ 0.0 means manual input of ratios } 
ReadLn(ComForSix); 
end; { end of if then statement } 
{ puts appropriate Cumming and Richard's (1975) model 3 common lead into program } 
{ abs used to avoid round-off errors } 
If Abs(AgeCom - 1.6) < 0.005 then begin 
ComSevSix := 0.9664; ComForSix := 0.06281; end; 
If Abs(AgeCom - 2.6) < 0.005 then begin 
ComSevSix := 1.0700; ComForSix := 0.07218; end; 
If Abs(AgeCom - 2.7) < 0.005 then begin 
ComSevSix := 1.0805; ComForSix := 0.07334; end; 
If Abs(AgeCom - 2.9) < 0.005 then begin 
ComSevSix := 1.1009; ComForSix := 0.07580; end; 
If Abs(AgeCom - 3.0) < 0.005 then begin 
ComSevSix := 1.1108; ComForSix := 0.07711; end; 
If Abs(AgeCom - 3.3) < 0.005 then begin 
ComSevSix := 1.1377; ComForSix := 0.08143; end; 
If Abs(AgeCom - 3.5) < 0.005 then begin 
ComSevSix := 1.1520; ComForSix := 0.08466; end; 
end; 
WriteLn; 
Write('Com. 4/6 = ', ComForSix:7:5); 
{ end of it then statement } 
{ these ages are common in Western Australia } 
Write(' 7/6 = ', ComSevSix:6:4); 
WriteLn(' Y-mean'); 
{ work out counting statistic errors for individual scans } 
SumRats := O; { sum of 4/6 ratios } 
MeanSevSix := O; 
For n := 1 to scan do 
begin 
SumRats := SumRats + DataArray[n].ForSix; 
MeanSevSix := MeanSevSix + DataArray[n].SevSix; 
end; 
MeanSevSix := MeanSevSix/scan; 
{ The 4/6 errors are complex due to the low count 
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rates causing large fluctuation in the ratio. This 
can cause the weighted mean to overemphasize low 
counts if a Streight proportional error is used as 
is the case in the 7 /6. To avoid this we assume 
that the 206 count rate is constant. } 
For n := 1 to scan do 
begin 
FracTotFor := ((DataArray[nJ.ForSix)*(totFor - totZer))/SumRats; 
{any scan with< 3 counts on 204 will be viewed as 100% uncertain } 
If FracTotFor > 3 then { fraction's total 204's } 
begin 
DataArray[n].ErrForSix := DataArray[n].ForSix*sqrt((l/FracTotFor) + (scan/totSix)); 
DataArray[n].HighCnts :=true; 
end 
else 
begin DataArray[n].ErrForSix := DataArray[n].ForSix; 
DataArray[n].HighCnts := false; 
end; 
end; 
{ assign 100% error } 
FracErrSev := sqrt((scan/((MeanSevSix)*(totSix)*SevTime))) + (scan/totSix)); 
For n := 1 to scan do { use constant fraction for error in 7/6 } 
DataArray[n].ErrSevSix := (FracErrSev)*(DataArray[n].SevSix); 
MoreDeletes := True; 
While MoreDeletes Do 
begin 
{ loop for editing out specific ratios } 
{ calculate weighted means in X and Y } 
WtMeanX := O; 
WtMeanY := 0; 
WtX :=0; 
WtY :=0; 
ForsKept := O; 
For n := 1 to scan do 
begin 
If DataArray[n].ForKeep then 
begin 
{ use simple mean for 4/6 at low count rates } 
{ weighting using squares of uncertainties } 
{ don't use excluded values } 
ForsKept := ForsKept + 1; 
If (TotFor - TotZer)/scan > 10 
then WtMeanX := (WtMeanX) + 
((DataArray[n].ForSix)/sqr(DataArray[n].ErrForSix)) 
else WtMeanX := WtMeanX + DataArray[n).ForSix; 
WtX := WtX + (1/sqr(DataArray[n].ErrForSix)); 
end; 
If DataArray[n].SevKeep then 
begin 
end; 
WtMeanY := (WtMeanY) + 
((DataArray[n].SevSix)/sqr(DataArray[n].ErrSevSix)); 
WtY := WtY + (1/sqr(DataArray[n].ErrSevSix)); 
end; 
If (TotFor - TotZer)/scan > 10 
then WtMeanX := WtMeanX/WtX 
else WtMeanX := WtMeanX/ForsKept; 
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{ don't use excluded values } 
{ end of for statement } 
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WtMeanY := WtMeanY/WtY; 
{ calculate slope of line between Mean XY and common lead } 
slope:= (ComSevSix - WtMeanY)/(ComForSix - WtMeanX); 
KeptFor := O; 
{ calculate the expected error of the weighted means } 
{ error increases as scans are excluded ) 
For n := 1 to scan do 
If DataArray[n].ForKeep then KeptFor := KeptFor + 1; 
If (TotFor - TotZer) > Scan 
then ExpErrX := sqrt(((Scan/KeptFor)/fotsix) + 
((Scan/KeptFor)/(TotFor - TotZer))) 
else ExpErrX := sqrt((Scan/KeptFor)/(Totsix) + 1); 
ExpErrX := WtMeanX*ExpErrX; 
KeptSev := O; 
For n := 1 to scan do 
IfDataArray[n].SevKeep then KeptSev := KeptSev + 1; 
{ avoid problems with low 204 cnts. } 
{ do same for 207 {206 ) 
ExpErrY := sqrt(((Scan/KeptSev)/(Totsix)) + ((Scan/KeptSev)/(WtMeanY*TotSix*SevTime))); 
{ calculates Total 207 = 7 /6 * total 206 } 
ExpErrY := WtMeanY*ExpErrY; 
SumResX := O; 
SumResY := O; 
Sum VarX := O; 
SumVarY := O; 
For n := 1 to scan do { calculate residuals for each scan ) 
begin { residual = (measured - expected)/uncertainties } 
ExpX := ((DataArray[n].SevSix - WtMeanY)/slope) + WtMeanX; 
Diff := DataArray[n].ForSix - ExpX; 
DataArray[n].ResForSix := Diff/sqrt(sqr(DataArray[n].ErrForSix) + 
sqr(DataArray[n].ErrSevSix/slope)); 
If DataArray[n].ForKeep then 
begin { observed errors only for included analyses ) 
SumResX := SumResX + sqr(DataArray[n].ResForSix); 
SumVarX := SumVarX + (l/(sqr(DataArray[n).ErrForSix) 
+sqr(DataArray[n].ErrSevSix/slope))); 
end; 
XtoMean := (DataArray[n].ForSix - WtMeanX)/ 
DataArray[n].ErrForSix; 
{ a measure of how close a value is to the 
mean without using data involving 7/6} 
ExpY := slope*(DataArray[n].ForSix - WtMeanX) + WtMeanY; 
Diff := DataArray[n].SevSix - ExpY; 
DataArray[n].ResSevSix := Diff/sqrt(sqr(DataArray[n].ErrSevSix) + 
sqr(DataArray[n).ErrForSix*slope)); 
If DataArray[n].SevKeep then 
begin 
SumResY := SumResY + sqr(DataArray[n].ResSevSix); 
SumVarY := SumVarY + (l/(sqr(DataArray[n].ErrSevSix) + 
sqr(DataArray[n].ErrForSix*slope))); 
end; 
YtoMean := (DataArray[n].SevSix - WtMeanY)/ 
DataArray[n].ErrSevSix; 
{ a measure of how close a value is to the mean without using data involving 4/6 } 
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Write(' ', n, ' ', DataArray[n].ForSix:8:6, ' '); 
If DataArray[nJ.HighCnL<; then 
begin 
Write(DataArray[n].ErrForSix:8:6, ' '); 
If DataArray[n].ForKeep 
then Write(XtoMean:6:2, ' ') 
else Write(XtoMean:3:0, ' ') 
end 
else Write('<3cnts 204 **** '); 
Write(n, ' ', DataArray[nJ.SevSix:7:5, ' '); 
Write(DataArray[n].ErrSevSix:7:5, ' '); 
If DataArray[n].SevKeep 
then WriteLn(YtoMean:6:2, ' ', n) 
else WriteLn(YtoMean:3:0,' ', n); 
end; 
ObsErrX := Sqrt(SumResX/(KeptFor*SumVarX)); 
ObsExpX := ObsErrX/ExpErrX; 
ObsErrY := Sqrt(SumResY/(KeptSev*SumVarY)); 
ObsExpY := ObsErrY/ExpErrY; 
If (TotFor - TotZer)/scan > 10 
then Write('wt. mean: ',WtMeanX:8:6, ' ') 
else Write(' mean: ',WtMeanX:8:6, ' '); 
WriteLn('wt. mean: ', WtMeanY:7:5); 
WriteLn; 
MoreDeletes := True; 
Write('Exclude/include which line (0 - ',scan,'):'); 
ReadLn(n); 
If n = 0 then 
MoreDeletes := false 
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write individual scans to screen } 
{ end of for statement } 
{ calculate the observed error } 
{edit data} 
else DataArray[n].ForKeep :=not DataArray[n].ForKeep; 
Write(' '); 
Write(' for 7 /6 (0 - ', scan, '): '); 
ReadLn(n); 
If n <> 0 then 
begin 
end; 
MoreDeletes := true; 
DataArray[n].SevKeep :=not DataArray[n].SevKeep; 
end; 
If MoreDeletes then WriteLn; 
{ end of while loop for editing the data } 
{ now calculate expected and observed errors for whole analysis } 
WriteLn; 
Write(' Wt. mean obs (ls) exp (ls) ratio'); 
WriteLn(' choice (default: larger)'); 
Write('4/6 ', WtMeanX:8:6, ' ', ObsErrX:8:6); 
Write(' ', ExpErrX:8:6,' ', ObsExpX:4:2,' '); 
ReadLn(TempStrng); 
If TempStrng = 'o' then 
XErr := ObsErrX 
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else If TempStmg = 'e' then 
XErr := ExpErrX 
else If ObsErrX > ExpErrX then 
XErr := ObsErrX 
else XErr := ExpErrX; 
Write('7/6 ', WtMeanY:7:5,' 
Write(' ', ExpErrY:7:5,' 
ReadLn(TempStmg); 
If TempStmg = 'o' then 
YErr := ObsErrY 
else If TempStmg = 'e' then 
YErr := ExpErrY 
', ObsErrY:7:5); 
', ObsExpY:4:2,' 
else If ObsErrY > ExpErrY then 
YErr := ObsErrY 
else YErr := ExpErrY; 
Write('-----------------------------------------'); 
WriteLn('---------------------------------------'); 
'); 
Write(fVar2, DataArray[l].grain:S:l, tab, WtMeanY:7:5, tab, YErr:7:5); 
Write(fV Ar2, tab, WtMeanX:8:6, tab, XErr:8:6, tab, ObsExpY:4:2); 
WriteLn(fVar2, tab, ObsExpX:4:2); 
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end; { end of while loop, end of input from file } 
WriteLn; 
WriteLn('END OF INPUT FILE'); 
Delay (100,Dummy); 
Close (fVarl); 
header := tab+tab+tab+tab+tab+tab; 
Writeln(fVar2, header); 
Close(fV ar2); 
Initcursor; 
end 
{ final line of tabs for cricket graph file } 
{ close output file } 
( reset cursor } 
{ of program project } 
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Project -- a program to calculate a datum's upper concordia intercept age 
projecting from a specified lower (t2) age. 
program projection; 
{$I-} 
uses MemTypes,QuickDraw ,OSintf,Toollntf,Packintf; 
Const 
Lambda238 = 0.155125e-3; 
Lambda235 = 0.984850e-3; 
Uranium_Ratio = 137.88; 
{ decay constants from Steiger and Jager } 
{ in inverse Ma (1977) EPSL, 36, 359 - 362 } 
{ ratio of 238/235 in nature } 
type 
DataLine = Record 
grain, ForSix, ForSix_err, SevSix, SevSix_err, 
EigSix, EigSix_err Real; 
Plus, Age, Minus, PlusMinus : Integer; 
end; 
Var 
XatT2, YatT2, X, Y, tempReal, 
com_ForSix, com_ForSix_err, com_SevSix, com_SevSix_err, 
rad_EigSix, rad_EigSix_err, rad_SevSix, rad_SevSix_err : Real; 
t2, NumbAnalyses, n : Integer; 
DataArray : Array[l..100] ofDataLine; 
err : OSErr; 
vRefNum, PlusAge, Age, MinusAge, AgeEst : Integer; 
fVar, fVar2 : TEXT; 
header : string[50]; 
tab: Char; 
temp_strng, myName, input : String; 
uncorrected, notCancel : Boolean; 
Function CalculateAge (var Xvalue, Yvalue : Real; 
AgeEstimate : Integer) : Integer; 
{ for building main data array } 
{ of record DataLine } 
{ define main data array } 
{ Function to use Newton's method to project a straight line in 7/6 vs 38/6 space from 
a known age through a known coordinate, and to return the age of the intercept of 
the projection line and concordia in Ma. } 
Var 
tollerance, m, Xapprox, funct, derivative : Real; 
Begin 
Tollerance := 0.001; 
lft2 <= 0 
then begin 
XatT2 := Xvalue + 50; 
YatT2 := Yvalue; 
end; 
m := (Yvalue- YatT2) I (Xvalue - XatT2); 
Xapprox := exp(Lambda238 * AgeEstimate) - 1; 
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{ casefort2=0Ma} 
{ slope of chord } 
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repeat ( iterate Newton's method } 
funct := 1 + (Uranium_Ratio * m) + ((Yvalue - m * Xvalue) * 
Uranium_Ratio * Xapprox) - exp((Lambda235 I Lambda238) * 
ln(l + Xapprox)); 
derivative:= (Yvalue - m * Xvalue) * Uranium_Ratio -
exp(((Lambda235 I Lambda238) - 1) * ln(l + Xapprox)) * 
(Lambda235 I Lambda238); 
Xapprox := Xapprox - (funct I derivative); 
until (funct I derivative) < tollerance; 
CalculateAge := Round((ln(l + Xapprox) I Lambda238)); 
End; ( of function CalculateAge } 
function GetFileName(var fileName:string) : boolean; (cancel= false} 
var 
topLeft : Point; 
FileFilter : SFfypeList; 
theErr : OSErr; 
Reply : SFReply; 
SPtr : StringPtr; 
begin 
topLeft.h := 100; 
topLeft.v := 125; 
FileFilter[O] := 'CGTX'; 
SFGetFile(topLeft,' ',nil, 1,FileFilter ,nil.Reply); 
if Reply .Good then 
begin 
Sptr" := "; 
theErr := SetVol(Sptr,Reply.vRefNum); 
fileName := Copy(Reply .fName, 1,length(Reply .fName)); 
GetFileName := true; 
end 
else begin 
sysbeep (5); 
GetFileName := false; 
exit; 
end 
end; 
function PutFileName(var fileName:string) : boolean; 
var 
topLeft : Point; 
theErr : OSErr; 
reply : SFReply; 
SPtr : StringPtr; 
begin 
topLeft.h := 100; 
topLeft. v := 140; 
Brings up Dialog Box } 
( top left point for Get File dialog } 
( top left point for Get File dialog } 
( file filter } 
( call to dialog } 
( cancel not chosen } 
{ update vol ref# } 
{ cancel chosen } 
{ cancel = false } 
Brings up Dialog Box and creates a file } 
{ top left horiz point for Get File dialog } 
{ top left vert " " " } 
SFPutFile (topLeft, 'CRICKET GRAPH FILE','Project.OUT', nil, Reply); 
if Reply.Good then 
begin 
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Sptr/\ := "; 
fileName := Copy(Reply.fName, l ,length(reply.fName)); 
WriteLn (' file name chosen: ', fileName); 
theErr := Create(fileName, Reply.vRefNum, 'CGRF, 'CGTX'); 
{ create output file as cricket graph file } 
theErr := SetVol(Sptr,Reply.vRefNum); 
PutFileName := true; 
end 
else begin 
sysbeep (5); 
PutFileName := false; 
end 
end; 
256 
{ update vol ref # } 
{ cancel chosen } 
{ end of procedure PutFileName } 
Begin { of main program loop } 
NumbAnalyses := O; 
writeLn('PROGRAM TO CALCULATE RADIOGENIC AGES (tl) WITH KNOWN t2'); 
Write('Are your data corrected for common lead? (default= no)'); 
ReadLn(temp_strng); 
If (temp_strng = 'yes') or (temp_strng = 'y') 
then uncorrected := false 
else uncorrected := true; 
If uncorrected 
then begin Write(Requires a Cricket Graph 1.2 file with: grain,'); 
WriteLn(' 38/6, ±, 7/6, ±, 4/6, ±.'); 
end 
else begin Write('Requires a Cricket Graph 1.2 file with: grain, '); 
WriteLn('38/6, ±, 7/6, ±.'); 
end; 
Write('all values are in 1 sigma. PLEASE ENTER t2 (Ma): '); 
ReadLn (t2); 
If t2 > 0 { leave values undefined for the time if t2 = 0 Ma } 
then begin 
XatT2 := 1 I (exp(Lambda238 * t2) - 1); { calculate 238/206 for age= t2 } 
YatT2 := (1 I Uranium_Ratio) * (exp(Lambda235 * t2) - 1) /(exp(Lambda238 * t2) - 1); 
end; 
WriteLn ('please select a data file '); 
notCancel := GetFileName(myName); 
if (notCancel <>true) then exit; 
reset(fVar,myName); 
ReadLn (fVar,input); 
ReadLn (fVar, input); 
While not eof(fVar) do 
begin 
Read (fVar, DataArray[NumbAnalyses + 1].grain, 
DataArray[NumbAnalyses + 1].EigSix, 
DataArray[NumbAnalyses + 1].EigSix.:._err, 
DataArray[NumbAnalyses + 1].SevSix, 
DataArray[NumbAnalyses + 1].SevSix_err); 
If uncorrected then 
{ calculate (207 /206)* for age = t2 } 
{ cancel chosen, terminate program } 
{ open selected input file } 
{ skip first two line of cricket graph file } 
ReadLn (fVar, DataArray[NumbAnalyses + 1].ForSix, 
DataArray[NumbAnalyses + l].ForSix_err) 
else ReadLn (fVar); 
{ now initialize the age parameters for each data line } 
Appendix F: Computer Programs 
DataArray[NumbAnalyses + !].Plus := O; 
DataArray[NumbAnalyses + !].Age := O; 
DataArray[NumbAnalyses + !].Minus:= O; 
DataArray[NumbAnalyses + 1].PlusMinus := O; 
If eof(tvar) =false 
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then NumbAnalyses := NumbAnalyses + 1; 
end; 
Close (tvar); 
{ avoid counting last row of tabs in cricket 
graph as being a line of data } 
{ of while loop } 
Write('Number of analyses read= '); 
WriteLn (NumbAnalyses); 
Write('Please specify output file'); 
notCancel := PutFileName(myName); 
if (notCancel <> true) then exit; 
WriteLn; WriteLn; 
{ call procedure } 
{cancel chosen, terminate program } 
( two blank sent to screen } 
If uncorrected then 
begin 
Write ('enter 204/206 composition of common lead:'); 
ReadLn (com_ForSix); 
Write ('enter absolute uncertainty (1 sigma) in common 204/206:'); 
ReadLn (com_ForSix_err); 
Write ('enter 207/206 composition of common lead:'); 
ReadLn (com_SevSix); 
Write ('enter absolute uncertainty (I sigma) in common 207/206:'); 
ReadLn (com_SevSix_err); 
end; 
WriteLn; WriteLn; { two blank sent to screen } 
WriteLn ('PLEASE WAIT, THIS OPERATION TAKES 1 sec. PER LINE OF DATA'); 
ReWrite(fVar2, myName); 
tab := CHR(9); { hexademimal equivalent to tab } 
header := '*'; 
WriteLn(fVar2, header); 
If uncorrected 
then header:= 'Grain'+tab+'238/206*'+tab+'±'+tab+'207/206*'+tab+ 
'±'+tab+'7/6 age'+tab+'+'+tab+'-'+tab+'±' 
else header:= 'Grain'+tab+'7/6 age'+tab+'+'+tab+'-'+tab+'±'; 
WriteLn(fVar2, header); 
For n := 1 to NumbAnalyses do 
begin 
If uncorrected then 
begin 
rad_EigSix := (1 I (DataArray[n].EigSix)) * 
(1 - (DataArray[n].ForSix I com_ForSix)); 
rad_EigSix := 1 I rad_EigSix; 
rad_SevSix := (DataArray[n].SevSix - ((com_SevSix) * 
(DataArray[n].ForSix I com_ForSix))) I 
(1 - (DataArray[n].ForSix I com_ForSix)); 
( column names to output file } 
( main calculation loop } 
{ error propogation calculation } 
( calculate radiogenic ratios } 
{ propogate errors for caluclation of radiogenic ratios } 
{ WARNING: no allowances made for correlation of errors } 
rad_EigSix_err := sqrt(sqr(DataArray[n].ForSix_err I 
DataArray[n].ForSix) + sqr(com_ForSix_err / com_ForSix)); 
rad_EigSix_err := rad_EigSix_err * (DataArray[n].ForSix I 
com_ForSix); 
rad_EigSix_err := rad_EigSix_err I (1 - (DataArray[n].ForSix / 
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com_ForSix)); 
rad_EigSix_err := sqrt(sqr(DataArray[n].EigSix_err I 
DataArray[n].EigSix) + sqr(rad_EigSix_err)); 
rad_EigSix_err := rad_EigSix_err * rad_EigSix; 
rad_SevSix_err := sqrt(sqr(DataArray[n].ForSix_err I 
DataArray[n].ForSix) + sqr(com_ForSix_err I com_ForSix)); 
rad_SevSix_err := sqrt(sqr(rad_SevSix_err) + sqr(com_SevSix_err I 
com_SevSix)); 
rad_SevSix_err := rad_SevSix_err * (com_SevSix * 
(DataArray[n].ForSix I com_ForSix)); 
rad_SevSix_err := sqrt(sqr(rad_SevSix_err) + 
sqr(DataArray[n].SevSix_err)); 
rad_SevSix_err := rad_SevSix_err I 
(DataArray[n].SevSix - (com_SevSix * 
(DataArray[n].ForSix I com_ForSix))); 
TempReal := rad_SevSix_err; ( contains frational error of numerator } 
rad_SevSix_err := sqrt(sqr(DataArray[n].ForSix_err I 
DataArray[n].ForSix) + sqr(com_ForSix_err I com_ForSix)); 
rad_SevSix_err := rad_SevSix_err * (DataArray[n].ForSix I 
com_ForSix); 
rad_SevSix_err := rad_SevSix_err I (1 - (DataArray[n}.ForSix I 
com_ForSix)); 
rad_SevSix_err := sqrt(sqr(rad_SevSix_err) + sqr(TempReal)); 
rad_SevSix_err := rad_SevSix_err * rad_SevSix; 
end; 
If uncorrected 
then begin 
DataArray[n].EigSix := rad_EigSix; 
DataArray[n].EigSix_err := rad_EigSix_err; 
DataArray[n].SevSix := rad_SevSix; 
DataArray[n] .SevSix_err := rad_SevSix_err; 
end; 
X := DataArray[n].EigSix + DataArray[n].EigSix_err; 
Y := DataArray[n].SevSix + DataArray[n].SevSix_err; 
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AgeEst := 4600; 
{ upper-right diagonal of input data } 
{ age of Earth } 
PlusAge := CalculateAge (X, Y, AgeEst); 
X := DataArray[n].EigSix; 
Y := DataArray[n].SevSix; 
{ age projection without any associated error } 
AgeEst := PlusAge; 
Age:= CalculateAge (X, Y, AgeEst); 
X := DataArray[n].EigSix - DataArray[n].EigSix_err; 
Y := DataArray[n].SevSix - DataArray(n].SevSix_err; 
{ lower-left diagonal of input data } 
AgeEst := Age; 
MinusAge := CalculateAge (X, Y, AgeEst); 
DataArray[n].Age := Age; 
DataArray(nJ.Plus := PlusAge - Age; 
DataArray[n].Minus := Age - MinusAge; 
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DataArray[n].PlusMinus := (DataArray[n].Plus + DataArray(n].Minus) div 2; 
{ form average } 
If uncorrected 
then WriteLn(tvar2,DataArray[n].grain:5: I ,tab, 
rad_EigSix:7:5,tab, 
rad_EigS ix_err: 7: 5 ,tab, 
rad_SevSix:7:5,tab, 
rad_SevSix_err:7:5,tab, 
DataArray[n].Age,tab, 
DataArray[n].Plus,tab, 
DataArray[n].Minus,tab, 
DataArray[n] .PlusMlnus) 
else WriteLn(fVar2, DataArray[n].grain:S: l,tab, 
DataArray[n].Age,tab, 
DataArray[n].Plus,tab, 
DataArray[n].Minus,tab, 
DataArray[n].PlusMinus); 
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end; 
If uncorrected 
{ of main calculation loop } 
( final line of tabs for cricket graph file } 
then header := tab+tab+tab+tab+tab+tab+tab+tab 
else header := tab+tab+tab+tab; 
Writeln(fVar2, header); 
Close(tv ar2); 
Initcursor; 
end 
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( close output file } 
( reset cursor } 
( of program project } 
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Thor -- a graphics program for producing 206pb/238U vs. 208pb/232T h 
concordia diagrams. Many of the graphics operations much much of the 
input/output structure of this program were written by R. Dabrowski. 
Program THOR; 
{$R Thor.Rsrc) 
{$U-) 
{$R+) 
{ to draw Thorium concordia diagrams ) 
{ link external resource file containing control set-up ) 
{ instruct compiler to conduct Range Checking } 
uses Memtypes,QuickDraw,OSintf,Toollntf,Packintf,PasinOut,PasConsole; 
Const 
Lambda232 = 0.049475e-9; 
Lambda235 = 0.984850e-9; 
Lambda238 = 0.155125e-9; 
Uranium_Ratio = 137.88; 
Type 
DataLine_Ptr = "DataLine; 
{ decay constants from Steiger and Jager } 
{ (1977) EPSL, 36, 359 - 362 ) 
{ ratio of 238/235 in nature ] 
{ variable type which gives the address of a 
line of data, used to form a linked list ] 
DataLine = Record { **** Main memory store for data **** ) 
Grain, Th_U, Th_U_err, EigSix, EigSix_err,EigTwo, EigTwo_err, 
SixEig, SixEig_err, Slope, Slope_err : Real; 
color : Pattern; 
next : DataLine_Ptr; 
End; 
ConcordLabel = Record 
Age : Integer; 
Labeled : Boolean; 
End; 
Var 
{ end of Record DataLine declaration ) 
{ end of Record ConcordLabel declaration } 
VolRefNum, NumAnalyses, Answer, Glob_X_Min, Glob_X_Max, 
Glob_ Y _Min, Glob_ Y _Max, n : Integer; 
MinX_Axis, MaxX_Axis, IntX_Axis, MinY _Axis, MaxY _Axis, IntY _Axis, 
Dashes_X, Dashes_Y, Numb_Files : Real; 
Temp_Long_Int : Longint; 
First_DataLine_Ptr : DataLine_ptr; 
ConLabels : Array[l..20] of ConcordLabel; {stores labels for concordia} 
FileName, SampName : String; 
GlobalQuit, DataRead : Boolean; 
TheScreen : WindowPtr; { global screen pointer} 
NullEvent : EventRecord; 
TurboPort : GrafPtr; 
myPic,myPic2 : PicHandle; 
{ ****************** end of global declarations****************** } 
Procedure Initialize; ( Initializes Global variables and produces a window } 
Begin 
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GetPort(TurboPort); 
SetPort(TurboPort); 
MaxApplZone; 
More Masters; 
Ini tGraf(@thePort); 
InitFonts; 
!nit Windows; 
InitDialogs(nil); 
InitCursor; 
TextFont (Geneva); 
TextSize (12); 
TextFace ([Bold]); 
VolRefNum := O; 
Numb_Files := 1; 
MinX_Axis := O; 
MaxX_Axis := 0.8; 
lntX_Axis := 0.4; 
Dashes_X := 3; 
Min Y _Axis := 0; 
MaxY_Axis := 0.5; 
IntY _Axis := 0.25; 
Dashes_Y := 4; 
Glob_X_Min := 60; 
Glob_X_Max := 490; 
Glob_ Y _Min := 40; 
Glob_ Y _Max := 290; 
First_DataLine_Ptr := nil; 
DataRead := true; 
SampName := "; 
For n := 1 to 20 do 
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{ expand application heap to maximum } 
{ declare 64 extra master pointers } 
{ initialize QuickDraw } 
{ initialize Font Manager } 
{ initialize Window Manager } 
{ initialize Dialog Manager } 
{ change to arrow cursor } 
{ initialize axes ) 
{ screen coordinates of left of plot ) 
{ right of plot ) 
{ top of plot ) 
{ bottom of plot } 
Begin { initialize array ConLabels } 
ConLabels[n].Age := O; 
ConLabels[n].Labeled :=False; 
End; { end of For statement } 
GlobalQuit := False; 
End; { *************** end of procedure Initialize *************** ) 
Procedure WriteReal (RealNumber : Real; 
Formatl, Format2 : Integer); 
{ Procedure to get around Pascal's difficulty of writing a real number to the screen. This 
procedure takes a NUMBER and writes it to a pseudo-disk file and then copies it from the 
file in the form of a string to the screen. ) 
Var 
InternalFHdl : TEXT; 
TempString : Str255; 
Begin 
Rewrite(internalFHdl,'throw away'); 
WriteLn (intemalFHdl, RealNumber : Format! : Format2); 
Reset(intemalFHdl); 
ReadLn(intemalFHdl,TempString); 
DrawString (TempString); 
Close(internalFHdl); 
{ create the file ) 
{ write data to file ) 
{ rewind file to beginning } 
End; { *********************end of procedure WriteReal ********************* ) 
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Procedure Readlt (var RealNumb : Real); 
{ Procedure to read in a number from the keyboard. Data are read as a string so as to allow for 
testing of a RETURN character which signifies that the old value should be retained. Data are 
read to the disk file 'throw away' and are then read back into a real variable TempReal.} 
Var 
lntemalFHdl : TEXT; 
TempString : Str255; 
TempReal : Real; 
Begin 
Rewrite(lntemalFHdl,'throw away'); 
Readln(TempString); 
Writeln(lntemalFHdl,TempString:length(TempString)); 
{ create and open disk file 'throw away' } 
{ read keyboard input } 
Close(lntemalFHdl); 
Reset(intemalFHdl,'throw away'); 
{$1-} 
Readln (intemalFHdl,TempReal); 
($1+} 
If (IOResult = 0) and (length(TempString) <> 0) then 
{ write stiring to the disk file 'throw away' } 
{ close disk file 'throw away' } 
{ rewind file to beginning } 
{ supress input/output error checking } 
{ read data from disk file 'throw away' } 
{ restart input/output error checking } 
{ next check for non-numeric data or RETURN } 
If TempReal < 0 then { Test for a negative number from keyboard } 
sysBeep ( 10) 
Else RealNumb := TempReal { valid replacement data given } 
Else WriteLn (RealNumb : 5 : 3); { bad data or RETURN typed } 
Close(lntemalFHdl); { close disk file 'throw away' } 
End; { ***********************end of procedure Readlt *********************** } 
Procedure SortData (var Fst_DataLine_Ptr : Da'.taLine_Ptr); 
{ Procedure to sort a set of data which is contained in a linked list Fst_DataLine_Ptr gives the 
address of the first component of the list. Linked list is bubble sorted for succesive largest values 
in the error in the 206/238 ratio. After completion of the procedure the data are sorted from largest 
to smallest error. } 
Var 
Point_One, Point_Two DataLine_Ptr; 
Swapped : Boolean; 
Begin 
Swapped := True; 
While (Swapped) do 
Begin 
Point_One :=nil; 
Point_Two := Fst_DataLine_Ptr; 
Swapped := False; 
While (Point_TwoA.next <>nil) do 
{ flag to indicate if sorting is finished } 
{ initialize to indicate that sorting is not complete } 
{ outer nested While loop } 
{ re-initialize local variables during each pass } 
{ re-set flag prior to next pass through While loop } 
{ inner nested While loop } 
If (Point_TwoA.SixEig_err > Point_TwoA.nextA.SixEig_err) then 
Begin { two lines in list must be swapped } 
Swapped := True; 
{ now must test for the special case where 
the first component of the linked list is involved in the swap. } 
If (Fst_DataLine_Ptr =Point_ Two) then 
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Begin 
Fst_DataLine_ptr := Fst_DataLine_Ptr".next; 
Point_Two".next := Fst_DataLine_Ptr".next; 
Fst_DataLine_Ptr".Next :=Point_ Two; 
Point_One := Fst_DataLine_Ptr; 
End 
else 
Begin 
Point_One".Next := Point_Two".Next; 
Point_Two".Next := Point_Two".Next".Next; 
Point_One".Next".Next := Point_Two; 
Point_One := Point_One".Next; 
End; 
End 
else 
Begin 
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{ first line is involved } 
{ end of if-then } 
{ first line is not involved } 
{ end of if-then-else } 
{ end of outer if-then } 
{ the two values do not need to be swapped } 
{ increment the two pointers } 
End; 
End; 
Point_One := Point_Two; 
Point_ Two:= Point_Two".Next; 
End; { end of outer if-then-else} 
{ end of outer While loop } 
{ ********************** end of procedure SortData ********************** } 
Procedure GetAxes; { Procedure to set up a window and then to allow 
for the axes of the plot to be selected and to choose the lables for concordia. } 
Var 
OverlayScreen : WindowPtr; 
Temp_Int, n : Longlnt; 
Temp_Age : Real; 
SavePort : GrafPtr; 
DataGood : Boolean; 
Begin 
DataGood := True; 
Temp_Int := O; 
Temp_Age := O; 
{ The next five lines are meant to set up the TurboPort' which will be used in order to ask for 
changes for the axes parameters. After the set-up the 'TurboPort' is 
closed prior to opening the window box. The strategy of using a TurboPort' is 
employed so as to be able to echo the input data directly to the screen, which is 
not possible when using the normal GraphPort. } 
GetPort(savePort); 
SetPort(TurboPort); 
MovePortTo (40,160); 
ClearScreen; 
SetPort(savePort); 
OverlayScreen := GetNewWindow (132, nil, Pointer(-1)); 
{ Return to normal GraphPort } 
{ Draw window with coordinates 140, 22, 320, 490 } 
MoveTo (40,150); 
DrawString ('GET NEW X AXES'); 
MoveTo (320,150); 
{ global X-Y coordinates } 
{global X-Y coordinates} 
DrawString ('RETURN= don"t change); 
SetPort(TurboPort); { Return to TurboPort } 
{ Default font {Chicago) is now being used} 
WriteLn ('CURRENT Value for Minimum Xis:', MinX_Axis: 5: 3); 
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Write (' NEW value is : '); 
Readit(MinX_Axis); { Procedure to read keyboard input and test for bad data ) 
WriteLn ('CURRENT Value for Maximum Xis:', MaxX_Axis: 5: 3); 
Write (' NEW value is : '); 
Readit(MaxX_Axis); 
WriteLn ('CURRENT Value for Increment Xis:', IntX_Axis: 5: 3); 
Write (' NEW value is : '); 
Readit(lntX_Axis); 
WriteLn ('CURRENT Number of ticks is 
Write (' NEW value is : '); 
Readlt(Dashes_X); 
Delay (100, n); 
: ', Dashes_X: 2: 0); 
SetPort(savePort); 
DisposeWindow (OverlayScreen); 
{ Return to normal GraphPort ) 
{ Remove window from GraphPort ) 
{ *******************do same operation now for the Y axis******************* ) 
SetPort(TurboPort); 
MovePortTo (40,160); 
ClearScreen; 
SetPort(savePort); 
OverlayScreen := GetNewWindow (132, nil, Pointer(-1)); 
MoveTo (40,150); 
{ Draw window with coordinates 140, 22, 320, 490 ) 
{ global X-Y coordinates ) 
DrawString ('GET NEW Y AXES'); 
MoveTo (320,150); 
DrawString ('RETURN= don"t change'); 
SetPort(TurboPort); 
MovePortTo (40,160); 
GoToXY(0,0); 
WriteLn ('CURRENT Value for Minimum Y is:', MinY_Axis: 5: 3); 
Write (' NEW value is : '); 
Readit(Min Y _Axis); 
WriteLn ('CURRENT Value for Maximum Y is:', MaxY_Axis: 5: 3); 
Write (' NEW value is : '); 
Readlt(Max Y: .... Axis); 
WriteLn ('CURRENT Value for Increment Y is:', IntY_Axis: 5: 3); 
Write (' NEW value is : '); 
Readit(lntY _Axis); 
WriteLn ('CURRENT Number of ticks is 
Write (' NEW value is : '); 
Readlt(Dashes_ Y); 
Delay (100, n); 
SetPort(savePort); 
Dispose Window (OverlayScreen); 
: ',Dashes_ Y: 2: 0); 
{global X-Y coordinates) 
{ **************************** Check for bad data **************************** ) 
If (MinX_Axis > MaxX_Axis) or (Min Y _Axis > Max Y _Axis) then 
DataGood := False; 
If ((MaxX_Axis - MinX_Axis) < IntX_Axis) or 
((MaxY_Axis - MinY_Axis) < IntY_Axis) then 
DataGood := False; 
If (DataGood = False) then 
Begin 
sysbeep(l);sysbeep(l);sysbeep(l);sysbeep(l); sysbeep(l); sysbeep(l); 
MoveTo (100, 200); DrawString ('WARNING!!!!'); 
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MoveTo (100,240); DrawString ('BAD DATA DETECTED'); 
MoveTo (100,260); DrawString ('Check relative sizes of variables'); 
MoveTo (100,280); 
DrawString ('RE-ENTER THE DATA click mouse to continue'); 
repeat until button; 
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End; { end of if-then statement } 
{ ******************** get new concordia tick-mark labels******************** } 
SetPort(TurboPort); 
MovePortTo (40,160); 
ClearScreen; 
SetPort(savePort); 
OverlayScreen := GetNewWindow (132, nil, Pointer(-1)); 
MoveTo (20,150); 
DrawString ('GET NEW CONCORDIA LABELS 
MoveTo (20,165); 
{ Draw window with coordinates 140, 22, 320, 490 } 
{global X-Y coordinates} 
type 0 RETURN when finished'); 
DrawString ('ENTER: Age (Ma) <SPACE> 1 or 0 (1 =label) 20 labels maximum'); 
MoveTo (20, 180); 
DrawString ('Age range (Ma) of axes is: '); 
If (((l/Lambda238) * ln(MinX_Axis + 1)) > ((l/Lamlxla232) * ln(MinY _Axis+ 1))) 
Then WriteReal(((l/Lamlxla238) * ln(MinX_Axis + 1)) / 1000000, 4, 0) 
Else WriteReal(((l/Lamlxla232) * ln(Min Y _Axis+ 1)) / 1000000, 4, 0); 
DrawString (' and '); 
If (((l/Lambda238) * ln(MaxX_Axis + 1)) < ((l/Lambda232) * ln(MaxY _Axis+ 1))) 
Then WriteReal(((l/Lambda238) * ln(MaxX_Axis + 1)) / 1000000, 4, 0) 
Else WriteReal(((l/Lambda232) * ln(MaxY _Axis+ 1)) / 1000000, 4, O); 
SetPort(TurboPort); 
MovePortTo (80,200); 
GoToXY(O,O); 
For n := 1 to 20 do 
Begin 
ConLabels[n].Age := O; 
ConLabels[n].Labeled :=False; 
End; 
n := O; 
Read (Temp_Int); 
{ initialize array ConLabels } 
{ end of For statement } 
While (Temp_Int > 0) and (n <= 19) do 
Begin 
{ 19 because of array being 20 large} 
n := n + 1; 
ConLabels[n].Age := Temp_Int; 
If (n = 10) then 
MovePortTo (200,80); 
ReadLn (Temp_Int); 
If (Temp_Int = 1) then 
ConLabels[n].Labeled := True; 
Read (Temp_Int); 
End; 
SetPort(savePort); 
Moveto (350,320); 
WriteReal (n, 2, O); 
Ifn = 1 
then DrawString (' label read') 
else DrawString (' labels read'); 
{ end of while statement } 
{ n =total number of labels read } 
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Delay (100, n); 
Dispose Window (OverlayScreen); 
End; { ********************end of procedure GetAxes ******************** } 
Function Local_ Global (var Value : Real; 
X_ Y : Char) : Integer; 
Var 
Temp_Real Real; 
Begin 
Temp_Real := 0; 
IfX_Y= 'X' 
then 
{ function subroutine to convert the value of the 
variable Value from graphing coordinates into scrreen coordinates.} 
{ variables to store the frame size of the plot in global values } 
{ determine if dealing with X or Y coordiante system } 
{ dealing with X coordinate system } 
Local_ Global:= Round(Glob_X_Min +(((Value - MinX_Axis)/ 
(MaxX_Axis - MinX_Axis)) * (Glob_X_Max - Glob_X_Min))) 
else { dealing with Y coordinate system } 
Local_Global := Round(Glob_ Y _Max - (((Value - Min Y _Axis)/(Max Y _Axis -
Min Y _Axis)) * (Glob_ Y _Max - Glob_ Y _Min))); 
End; { ******************** end of function Local_ Global******************** } 
Procedure DrawConcordia; { procedure to draw a concordia curve for the given axes values. } 
Var 
TickLength, n integer; 
Temp_Real_X,Temp_Real_Y, Slope, X_One, X_Two, Y_One, Y_Two Real; 
Begin 
TickLength := 5; { screen pixel length of concordia tick marks } 
. Temp_Real_X := MinX_Axis; 
Temp_Real_ Y := (Exp((Lambda232/Lambda238) * ln(Temp_Real_X + 1)) - 1); 
{ formula relating 206/238 vs 208/232 of concordia } 
MoveTo(Local_Global(Temp_Real_X, 'X'), Local_Global(Temp_Real_Y, 'Y')); 
For n := 1 to 20 do 
Begin { draw concordia curve } 
Temp_Real_X := MinX_Axis + ((n/20) * (MaxX_Axis - MinX_Axis)); 
Temp_Real_ Y := (Exp((Lambda232/Lambda238) * ln(Temp_Real_X + 1)) - 1); 
LineTo(Local_Global(Temp_Real_X, 'X'), Local_Global(Temp_Real_ Y, 'Y')) 
End; { end of For loop } 
n:= 1; 
Slope:= O; 
PenSize (1,1); 
While (ConLabels[n].Age <> 0) do {Draw and label tick marks on concordia} 
Begin 
Temp_Real_X := (Exp(Lambda238 * (ConLabels[n].Age) * 1000000)- 1); 
{calculates the X value of concordia at the given age 1000000 is to conver Ma into years. } 
Temp_Real_Y := (Exp((Lambda232/Lambda238) * ln(Temp_Real_X + 1))- 1); 
{ The next series of equations are ment take the given age to be labeled on the 
concordia curve. A small (±5%) displacement is imposed on the X value of the age and the 
resulting X and Y coordinates are used to calculate the local slope of concordia. The slope 
is determined. The resulting slope is used to plot a tick mark. } 
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If (Temp_Real_X > MinX_Axis) and (Temp_Real_X <= MaxX_Axis) and 
(Temp_Real_Y >= MinY_Axis) and (Temp_Real_Y < MaxY_Axis) then 
Begin { tick mark is in window defined by the axes } 
X_One := (Glob_X_Min + ((((Temp_Real_X * 1.05) - MinX_Axis)/ 
(MaxX_Axis - MinX_Axis)) * (Glob_X_Max - Glob_X_Min))); 
X_Two := (Glob_X_Min + ((((Temp_Real_X * 0.95) - MinX_Axis)/ 
(MaxX_Axis - MinX_Axis)) * (Glob_X_Max - Glob_X_Min))); 
Y_One := Glob_Y_Max -((((Exp((Lambda232/Lambda238) * 
ln((Temp_Real_X * 1.05) + 1)) - 1) - MinY _Axis)/(MaxY _Axis -
MinY_Axis)) * (Glob_Y_Max - Glob_Y_Min)); 
Y _Two:= Glob_ Y _Max - ((((Exp((Lambda232/Lambda238) * 
ln((Temp_Real_X * 0.95) + 1)) - 1) - MinY _Axis)/(MaxY _Axis -
MinY_Axis)) * (Glob_Y_Max - Glob_Y_Min)); 
Slope:= (Y_Two - Y_One) / (X_One - X_Two); 
Slope:= (-1/Slope); { rotate slope 90 degrees ) 
{ draw concrdia tick marks ) 
MoveTo(Local_Global(Temp_Real_X, 'X'), Local_Global(Temp_Real_Y, 'Y')); 
LineTo((Local_Global(Temp_Real_X, 'X')) -
(Round(TickLength I (sqrt(sqr(Slope) + 1)))), 
(Local_Global(Temp_Real_ Y, 'Y')) + 
(Round(TickLength * Slope* sqrt(I/(1 + sqr(Slope)))))); 
If (ConLabels[n].Labeled) then 
Begin { need to label tick mark with its age } 
If (ConLabels[n].Age >= 1000) 
then MoveTo((Local_Global(Temp_Real_X, 'X')) -
(Round(TickLength I (sqrt(sqr(Slope) + 1)))) - 45, 
(Local_Global(Temp_Real_ Y, 'Y')) + 
(Round(TickLength * Slope * sqrt(l/(1 + sqr(Slope)))))) 
else MoveTo((Local_Global(Temp_Real_X, 'X')) -
(Round(TickLength / (sqrt(sqr(Slope) + 1)))) - 40, 
(Local_Global(Temp_Real_ Y, 'Y')) + 
(Round(TickLength *Slope* sqrt(l/(1 + sqr(Slope)))))); 
WriteReal (ConLabels[n].Age, 5, O); 
End; { end of inner if-then statement } 
{ end of outer if-then statement } End; 
n := n + 1; 
End; 
End; 
{ end of while loop } 
{ ******************** end of procedure DrawConcordia ******************** } 
Function AskFirstQuestion : Integer; 
{ function to draw a window containing three buttons. The user is asked to chose one of the 
buttons (GET DA TA, HELP, QUIT). The button which was chosen is returnded as an integer 
with a value between 1 and 3 by the funciton. } 
var 
SavePort GrafPtr; 
Begin 
Numb_Files := O; 
GetPort(savePort); 
SetPort(TurboPort); 
MovePortTo (100,120); 
SetPort(savePort); 
{ set-up TurboPort and then quit it } 
{ global X-Y coordinates } 
{ Return to nonnal GraphPort } 
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SetPort(TurboPort); { Return to TurboPort Default font (Chicago) is now being used } 
Write ('How Many Data Sets Do You Have? '); 
ReadLn(Numb_Files); 
WriteLn; 
Write ('What is the sample"s name? '); 
ReadLn(SarnpName); 
SetPort(savePort); { Return to normal GraphPort } 
TextSize (12); 
AskFirstQuestion := Alert(128, nil); 
End; { *************** end of function AskFirstQuestion *************** } 
Procedure ReadFile (FileNarne : String; 
VolRefNum : Integer; 
var NumAnalyses : Integer; 
var First_Line_ptr : DataLine_Ptr); 
{ Procedure to take the name of a Cricket Graph data file, open that Data File, form a linked 
list of record type "DataLine" and then to finally close the Data File. The 
variable 'Numb_Analyses' has been initiated to zero and will count the number of lines 
read from the Cricket Graph Data File.} 
Var 
fHandle : TEXT; 
Temp_DataPtr : DataLine_ptr; 
TempString : Str255; 
Pat : Pattern; 
Begin 
First_Line_Ptr := nil; 
Case (Alert(l40, nil)) of 
1 : Pat := white; 
2 : Pat := ltgray; 
3 : Pat := gray; 
4 : Pat := dkgray; 
5 : Pat := black; 
End; 
new(Temp_DataPtr); 
First_Line_Ptr := Temp_DataPtr; 
Reset(fHandle, FileName); 
ReadLn(fHandle); 
ReadLn(fHandle); 
{$I-} 
ReadLn(fHandle, Temp_DataPtr".Grain, 
Temp_DataPtr".Th_U, 
Temp_DataPtr".Th_U_err, 
Temp_DataPtr".EigSix, 
Temp_DataPtr" .EigSix_err, 
Temp_DataPtr" .EigTwo, 
Temp_DataPtr" .EigTwo_err, 
Temp_DataPtr".SixEig, 
Temp_DataPtr".SixEig_err); 
While (not eof(fHandle)) do 
Begin 
{ a<;k for fill color of error box } 
{ end of case statement } 
{ skip first two line in the Cricket Graph data file } 
{ suspend input/output error checking } 
{ Read first line of data from the indicated file } 
{ This prevents confusing the final line of tabs 
in the Cricket Grapch file as being real data. } 
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NumAnalyses := NumAnalyses + 1; 
Temp_DataPtr".Slope := Temp_DataPtr".EigSix I Temp_DataPtr".Th_U; 
Temp_DataPtr".Slope_err := Temp_DataPtr".Slope * 
(sqrt(sqr(Temp_DataPtr".Th_U_err I 
Temp_DataPtr".Th_U) + 
sqr(Temp_DataPtr" .EigSix_err I 
Temp_DataPtr".EigSix))); 
Temp_DataPtr".Color :=Pat; 
new(Temp_DataPtr" .Next); 
ReadLn(fHandle, Temp_DataPtr" .Next" .Grain, 
Temp_DataPtr".Next".Th_U, 
Temp_DataPtr".Next".Th_U_err, 
Temp_DataPtr" .Next" .EigSix, 
Temp_DataPtr".Next".EigSix_err, 
Temp_DataPtr" .Next" .EigTwo, 
Temp_DataPtr".Next".EigTwo_err, 
Temp_DataPtr".Next" .S ixEig, 
Temp_DataPtr".Next".SixEig_err); 
{ formula for error propagation of a quotient } 
{ Remember that tbe last line of a Cricket Graph file contains 
If eof(fHandle) 
only tabs, which should not be considered as being real data. } 
{ end of file has been located } 
then Temp_DataPtr".Next :=nil 
else Temp_DataPtr := Temp_DataPtr".Next; 
End; 
{$1+} 
close(fHandle); 
TheScreen := GetNewWindow (129, nil, Pointer(-1)); 
{ end of while statement } 
{ return to input/output error checking mode } 
{ Draw screen as described in resource ID = 129 of Resource File } 
If (Alert(132, nil)= 1) then 
SortData (First_Line_Ptr); 
(nil= storage needs to be allocated; Pointer(-1) =make front window} 
{ determine if data sorting is wanted } 
End; { ********************** end of procedure ReadFile ********************** } 
Procedure GetFileData (NotCancel : Boolean; 
First_Line_Ptr : DataLine_Ptr); 
{ Procedure to determine the number of data files which are to be read. Each of the data files is then read 
after being specified using a dialog box selection mechanism. A pointer to the first line in the linked 
list is returned to the main program, while subsequent data files have their data attached to the end of the 
linked list A boolean variable is also returned to the main program to indicate 
if CANCEL was ever selected. } 
Var 
n : Integer; 
Max_X, Max_ Y : Real; 
Reply : SFReply; 
TypeList : SFTypeList; 
Findrlnfo : Flnfo; 
UpperLeft : Point; 
SavePort : GrafPtr; 
{ holds information returned by SFGetFile } 
{ file type filtering parameter to SFGetFile } 
{ Holds Finder information about a file ) 
{ defines location of dialog box } 
Start_Line_Ptr, Finish_Line_Ptr, Temp_Line_Ptr DataLine_Ptr; 
Begin 
n := 1; 
Max_X :=0; 
Max_Y :=0; 
Numb_Files := O; 
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NotCancel := true; 
NumAnalyses := O; 
First_DataLine_Ptr :=nil; 
Start_Line_Ptr := nil; 
Finish_Line_Ptr := nil; 
Temp_Line_Ptr := nil; 
TypeList[O] := 'CGTX'; 
UpperLeft.h := 80; 
UpperLeft.v := 100; 
GetPort(savePort); 
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· ( for filtering operation in SFGelFile } 
SetPort(TurboPort); ( set-up TurboPort and then quit it } 
MovePortTo (140,120); (global X-Y coordinates} 
SetPort(savePort); ( Return to nonnal GraphPort } 
SetPort(furboPort); ( Return to TurboPort Default font (Chicago) is now being used } 
Write ('How Many Data Sets Do You Have? '); 
ReadLn(Numb_Files); 
WriteLn; · 
Write ('What is the sample"s name? '); 
ReadLn(SampName); 
SetPort(savePort); ( Return to nonnal GraphPort } 
While (n <= Numb_Files) and NotCancel do 
Begin ( further data still exists to be read and CANCEL has not been selected } 
SFGelFile(UpperLeft,",nil,l, TypeList, nil, Reply); ( get file name } 
If (not reply .good) ( CANCEL was chosen } 
then NotCancel := False 
else ( a proper file was choosen } 
Begin 
If GelFinfo (Reply.fname, Reply.vRefNum, Findrlnfo) <> 0 then 
( get the required data from the selected file } 
S ysBeep(l) ( this should never be needed } 
else Begin ( fonn the linked list } 
ReadFile (Reply.fname, Reply.vRefNum, NumAnalyses, Start_Line_Ptr); 
If (n = 1) ( check if this is the first data file to be read } 
then First_DataLine_Ptr := Start_Line_Ptr ( set global variable } 
else Finish_Line_Ptr".next := Start_Line_Ptr; 
( link data from the new file to the alread existing linked list } 
Temp_Line_Ptr := Start_Line_Ptr; 
While (femp_Line_Ptr <> nil) do ( look through the new portion of linked list 
to find its end as well as looking for new Max_X and Max_ Y. } 
Begin 
If Temp_Line_Ptr".SixEig > Max_X 
then Max_X := Temp_Line_Ptr".SixEig; 
If Temp_Line_Ptr".EigTwo > Max_Y 
then Max_Y := Temp_Line_Ptr".EigTwo; 
If (Temp_Line_Ptr".next = nil) 
then Finish_Line_Ptr := Temp_Line_Ptr; 
Temp_Line_Ptr := Temp_Line_Ptr".next; 
End; 
End; 
End; 
n := n + l; 
End; 
MoveTo (20,50); 
( locate new end of linked list } 
( end of while loop } 
( end of inner if-then-else statement } 
( end of outer if-then-else fonn } 
( end of While statement } 
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Drawstring ('Please select the axes for your diagram!'); 
MoveTo (20,70); 
WriteReal (NumAnalyses, 3, O); 
DrawString (' Samples were read from disk'); 
MoveTo (80,90); 
DrawString ('Maximum measured value 206 I 238 (X axis) = '); 
WriteReal (Max_X, 10, 3); 
MoveTo (80,110); 
DrawString ('Maximum measured value 208 I 232 (Y axis) = '); 
WriteReal (Max_Y, 10, 3); 
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End; ( ***************end of procedure ReadFileData *************** } 
Procedure Plot_Data; ( procedure to draw the error boxes } 
var 
Temp_Real_X, Temp_Real_ Y Real; 
Temp_DataPtr : DataLine_ptr; 
ErrorBox : PolyHandle; 
Begin 
Temp_DataPtr := First_DataLine_ptr; 
While (Temp_DataPtr <> nil) do 
Begin ( plot the data } 
ErrorBox := OpenPoly; { prepare to fonn a polygon } 
Temp_Real_X := (Temp_DataPtr".SixEig + Temp_DataPtr".SixEig_err); 
Temp_Real_ Y := (Temp_DataPtr".EigTwo + Temp_DataPtr".EigTwo_err); 
MoveTo(Local_Global(Temp_Real_X, 'X'), Local_Global(Temp_Real_ Y, 'Y')); 
If (((Temp_DataPtr".EigTwo - Temp_DataPtr".EigTwo_err) I 
(Temp_DataPtr".SixEig + Temp_DataPtr".SixEig_err)) < 
(Temp_DataPtr".Slope - Temp_DataPtr".Slope_err)) then 
Begin { cut off lower-right of error box } 
Temp_Real_ Y := (Temp_DataPtr".Slope - Temp_DataPtr".Slope_err) * 
Temp_Real_X; 
LineTo(Local_Global(Temp_Real_X, 'X'), 
Local_Global(Temp_Real_ Y, 'Y')); 
Temp_Real_ Y := Temp_DataPtr".EigTwo - Temp_DataPtr" .EigTwo_err; 
Temp_Real_X := Temp_Real_Y I (Temp_DataPtr".Slope -
Temp_DataPtr".Slope_err); 
LineTo(Local_Global(Temp_Real_X, 'X'), 
Local_Global(Temp_Real_ Y, 'Y')); 
End { end of if-then } 
Else Begin { do not cut-off comer of error box } 
Temp_Real_X := (Temp_DataPtr".SixEig + Temp_DataPtr".SixEig_err); 
Temp_Real_ Y := (Temp_DataPtr" .EigTwo - Temp_DataPtr" .EigTwo_err); 
LineTo(Local_Global(Temp_Real_X, 'X'), 
Local_Global(Temp_Real_ Y, 'Y')); 
End; { end of if-then-else } 
Temp_Real_X := (Temp_DataPtr".SixEig - Temp_DataPtr".SixEig_err); 
Temp_Real_ Y := (Temp_DataPtr".EigTwo - Temp_DataPtr".EigTwo_err); 
LineTo(Local_Global(Temp_Real_X, 'X'), Local_Global(Temp_Real_ Y, 'Y')); 
If (((Temp_DataPtr".EigTwo + Temp_DataPtr".EigTwo_err) / 
(Temp_DataPtr".SixEig - Temp_DataPtr".SixEig_err)) > 
(Temp_DataPtr".Slope + Temp_DataPtr".Slope_err)) then 
Begin { cut off upper-right of error box } 
Temp_Real_ Y := (Temp_DataPtr".Slope + Temp_DataPtr".Slope_err) * 
Temp_Real_X; 
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LineTo(Local_ G lobal(Temp_Real_X, 'X'), 
Local_Global(Temp_Real_ Y, 'Y')); 
Temp_Real_ Y := Temp_DataPtr".EigTwo + Tcmp_DataPtr".EigTwo_err; 
Temp_Real_X := Temp_Real_ YI (Temp_DataPtr".Slope + 
Temp_DataPtr".Slope_err); 
LineTo(Local_ G lobal(Temp_Real_X, 'X'), 
Local_Global(Temp_Real_ Y, 'Y')); 
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End { end of if-then } 
Else Begin { do not cut-off comer of error box } 
Temp_Real_X := (Temp_DataPtr1'.SixEig - Temp_DataPtr1'.SixEig_err); 
Temp_Real_ Y := (Temp_DataPtr".EigTwo + Temp_DataPtr".EigTwo_err); 
LineTo(Local_Global(Temp_Real_X, 'X'), 
Local_Global(Temp_Real_ Y, 'Y')); 
End; { end of if-then-else } 
Temp_Real_X := (Temp_DataPtr".SixEig + Temp_DataPtr".SixEig_err); 
Temp_Real_Y := (Temp_DataPtr".EigTwo + Temp_DataPtr".EigTwo_err); 
LineTo(Local_Global(Temp_Real_X, 'X'), Local_Global(Temp_Real_Y, 'Y')); 
closePoly; 
Fil!Poly(ErrorBox, Temp_DataPtr".color); 
FramePoly(ErrorBox); 
Kil!Poly(ErrorBox); 
Temp_DataPtr := Temp_DataPtr".Next; 
~; {~~~~~} 
End; {**********************end of procedure Plot_Data ********************** } 
Procedure Disk_Save; { make a MacDraw copy of the concordia plot on the disk } 
var 
refNum, i integer; 
nBytes : longint; 
err : OSErr; 
Header : array (1..256] of integer; 
Begin 
err := Create(Concat(SampName,'.THOR'),O,'MDRW','PICT'); 
err := FSOpen(Concat(SampName,'. THOR'),0,refNum); 
for i:= 1 to 256 do 
{ header for MacDraw file } 
{ MDRW = MacDraw } 
Header[i] := O; 
nBytes := 512; 
{ initialize blank header line for the MacDraw file } 
err:= FSWrite(refNum, nBytes,@header); 
nBytes := GetHandleSize(Handle(myPic)); 
HLock(Handle(myPic)); 
err:= FSWrite(refNum, nBytes, Ptr(myPic")); 
HUnlock(Handle(myPic)); 
err := FSClose(refNum); 
err:= FlushVol(nil, 0); 
{ write header to file } 
{ get size of picture } 
{ write picture to file } 
{ close MacDraw file } 
End; { ********************** end of procedure Disk_Save ********************** } 
Procedure Plot; 
var 
Temp_Int, n, v : Integer; 
Temp_Real : Real; 
ThePicture : WindowPtr; 
{ Procedure to produce the graphics for the comcordia plot } 
{ local screen pointer } 
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Rectang, PicFrame : Rect; 
Region, saveRgn : RgnHandle; 
Begin 
Temp_Int := O; 
Dispose Window (TheScreen); 
ThePicture := GetNewWindow (130, nil, Pointer(-1)); 
ObscureCursor; 
MoveTo(335, 340); 
Drawstring ('click Mouse to Continue'); 
TextSize (14); 
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SetRect(PicFrame, 0, 0, 512, 342); 
myPic := OpenPicture(PicFrame); 
MoveTo((Glob_X_Max - 105),(Glob_ Y _Max - 10)); 
DrawString('206'); 
{ define size of drawing } 
{ start drawing info to picture window } 
Move(0,5); 
Draws tring('Pbf); 
Move(0,-5); 
DrawString('238'); 
Move(0,5); 
DrawString('U); 
MoveTo((Glob_X_Min + 20),(Glob_ Y _Min + 40)); 
DrawString('208'); 
Move(0,5); 
Draws tring('Pbf); 
Move(0,-5); 
DrawString('232'); 
Move(0,5); 
DrawString('Th '); 
PenSize (3,3); 
MoveTo (Glob_X_Min,Glob_ Y _Min); 
LineTo (Glob_X_Min,Glob_ Y _Max); 
LineTo (Glob_X_Max,Glob_ Y _Max); 
LineTo (Glob,_X_Max,Glob_ Y _Min); 
LineTo (Glob_X_Min,Glob_ Y _Min); 
MoveTo (Glob_X_Min + 20,Glob_ Y _Min + 20); 
TextSize (18); 
Drawstring (SampName); 
TextSize (14); 
PenSize (2,2); 
Temp_Real := MinX_Axis; 
{ draw axis lines } 
While (Temp_Real <= (MaxX_Axis + 0.001)) do { Draw X axis tick marks J 
{ 0.001 to allow for compiler round-off errrors ) 
Begin 
MoveTo(Local_Global(Temp_Real, 'X'), Glob_ Y _Max); 
LineTo(Local_Global(Temp_Real, 'X'), Glob_ Y _Max+ 8); 
If (Temp_Real = MinX_Axis) then 
MoveTo(Local_Global(Temp_Real, 'X'), Glob_ Y _Max+ 25) 
Else 
If (ABS(Temp_Real - MaxX_Axis) < 0.001) then 
{ check for first label of X axis } 
{ check for last label of X axis } 
MoveTo((Local_Global(Temp_Real, 'X') - 20), Glob_ Y _Max + 25) 
else 
MoveTo((Local_Global(Temp_Real, 'X')- 10), Glob_Y_Max + 25); 
WriteReal(Temp_Real, 1, l); 
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Temp_Real := Temp_Real + (IntX_Axis/(Dashes_X + l)); 
If (Dashes_X > 0) and (Temp_Real < MaxX_Axis) then 
For n := I to Round(Dashes_X) do 
Begin 
If (Temp_Real <= MaxX_Axis) then 
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{ draw small tick marks } 
{ check that still within axis bonds } 
Begin 
MoveTo(Local_Global(Temp_Real, 'X'), Glob_ Y _Max); 
LineTo(Local_Global(Temp_Real, 'X'), Glob_ Y _Max+ 5); 
Temp_Real := Temp_Real + (IntX_Axis/(Dashes_X + I)); 
End; 
End; 
End; 
Temp_Real := MinY_Axis; 
{ end of if then } 
{ end of For loop } 
{ end of while loop } 
While (Temp_Real <= (MaxY_Axis + 0.001)) do { Draw Y axis tick marks} 
{ 0.001 to allow for compiler round-off errrors } 
Begin 
MoveTo(Glob_X_Min, Local_Global(Temp_Real, 'Y')); 
LineTo(Glob_X_Min - 8, Local_Global(Temp_Real, 'Y')); 
MoveTo(l5, (Local_Global(Temp_Real, 'Y') + 5)); 
If (MaxY_Axis <= 2) 
then WriteReal(Temp_Real, 3, 2) 
else WriteReal(Temp_Real, 3, I); 
Temp_Real := Temp_Real + (IntY _Axis/(Dashes_ Y + 1)); 
If (Dashes_ Y > 0) and (Temp_Real < MaxY _Axis) then 
For n := 1 to Round(Dashes_ Y) do 
End; 
Begin 
If (Temp_Real <= Max Y _Axis) then 
Begin 
MoveTo(Glob_X_Min, Local_Global(Temp_Real, 'Y')); 
LineTo(Glob_X_Min - 5, Local_Global(Temp_Real, 'Y')); 
Temp_Real := Temp_Real + (IntY _Axis/(Dashes_ Y + 1)); 
End; 
End; 
Region := NewRgn; 
saveRgn := NewRgn; 
{ draw small tick marks } 
{ end of if then } 
{ end of For loop ) 
{ end of while loop } 
{ set up clipping region ) 
OpenRgn; { set up clipping region within picture window } 
SetRect(Rectang, Glob_X_Min, Glob_ Y _Min, Glob_X_Max, Glob_ Y _Max); 
FrameRect(Rectang); 
CloseRgn(Region); 
GetClip(saveRgn); 
SetClip(Region); 
DrawConcordia; 
Plot_Data; 
SetClip(saveRgn); 
ClosePicture; 
DrawPicture(myPic, PicFrame); 
InsetRect(PicFrame, -130, -85); 
myPic2 := OpenPicture(PicFrame); 
DrawPicture(myPic, PicFrame); 
ClosePicture; 
DisposeRgn(Region); 
DisposeRgn(SaveRgn); 
Repeat until Button; 
{ record current value of cliiping region - entire screen } 
. { set clipping region only to area defined within axes ) 
{ return to entire screen as clipping area } 
( end of drawing to picture window } 
( send picture to screen } 
(decrease size by 25%} 
{ draw graph to myPic2 } 
( close myPic2 ) 
{ release memory occupied by the defined regions } 
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TextSize (12); 
DisposeWindow (ThePicture); 
If (Alert(l45, nil)= 2) then Disk_Save; 
KillPicture(myPic); 
KillPicture(myPic2); 
TheScreen := GetNewWindow (130, nil, Pointer(-1)); 
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( erase screen drawing of picture } 
( make a copy of plot on disk } 
( release memory occupied by the picture } 
End; ( ************************ end of procedure Plot************************ } 
Begin 
Initialize; 
( **************************** MAIN PROGRAM **************************** } 
( One time set up and default assignment of global variables } 
While (not GlobalQuit) Do 
Begin 
TheScreen := GetNewWindow (129, nil, Pointer(-1)); 
{ Draw screen as described in resource ID= 129 of Resource File 
nil= storage needs to be allocated; Pointer(-1) =make front window} 
TextSize (14); 
MoveTo (140, 60); 
DrawString ('Welcome to program TH0R.'); 
TextSize (12); 
Case (Alert(128, nil)) of 
1: Begin 
GetFileData (DataRead, First_DataLine_Ptr); 
If DataRead then 
Begin 
GetAxes; 
TheScreen := GetNewWindow (130, nil, Pointer(-1)); 
Answer:= O; 
While (Answer <> 3) do 
Begin 
Answer:= Alert(135, nil); 
Case Answer of 
1 : Plot; 
2: Getaxes; 
5 : SortData (First_DataLine_Ptr); 
End; 
End; 
DisposeWindow (TheScreen); 
End; 
End; 
2: Begin 
TheScreen := GetNewWindow (131, nil, Pointer(-1)); 
HideCursor; 
MoveTo (20, 50); 
DrawString (This program is designed to draw'); 
MoveTo (20, 70); 
( calls up a dialog box } 
( "GET DAT A" choosen } 
( Call up dialog box and read data } 
( check for CANCEL } 
( cancel was never selected } 
{ main grapichs loop } 
(draw a Th-U concrodiadiagram} 
( allows the axes to be changed } 
{ 3 = quit this section } 
{ 4 = static text } 
{ end of case statement } 
{ end of main while loop } 
{ end of if then statement } 
{end of case '1'} 
{ "HELP" choosen } 
DrawString ('U - Th concordia diagrams. The data must be read'); 
MoveTo (20, 90); 
DrawString ('from a Cricket Graph 1.2 data file.'); 
MoveTo (20, 130); 
DrawString (The required input data are:'); 
MoveTo (20, 150); 
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DrawString ('Grain, Th/U, ±, 208/206, ±, 208/232, ±'); 
Drawstring ('206/238, ±'); 
MoveTo (20, 190); 
DrawString ('The program requires the fonts:'); 
MoveTo (20, 210); 
DrawString ('Geneva 12pt, 14pt and 18pt'); 
MoveTo (320, 330); 
DrawString ('click Mouse to Continue'); 
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Repeat until Button; { The following is designed to prevent the MouseDown from being 
interpreted as a meaningful event by the procedure AskFirstQuestion. } 
If GetNextEvent (2, NullEvent) then 
Begin 
DisposeWindow (TheScreen); 
ShowCursor; 
End; 
End; 
{ Mask '2' means MouseDown } 
3 : GlobaIQuit := True; 
{ end of if statement } 
{ end of case 2 } 
{ "QUIT" chosen } 
{ end of case statement } 
{ end of while loop } 
{ end of program histogram } 
End; 
End; 
End. 
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